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BACKGROUND AND PURPOSE: Escalation in monocyte trafficking from the bone marrow into the brain
may play a critical role in central nervous system injury and cognitive deterioration in patients with HIV
infection. This study tested the hypothesis that the mean diffusivity is sensitive to marrow changes
in HIV patients and that these quantitative imaging measurements correlate with the severity of
dementia.

METHODS: The mean diffusivity (MD), determined for clival and calvarial marrow regions, was com-
pared in 11 HIV-infected patients and 9 control subjects. The imaging measurements were also
evaluated for relationships with dementia severity and markers of disease progression (CD4 and viral
load in plasma).

RESULTS: The MD was significantly reduced in both clival and calvarial marrow in HIV-infected
patients (P �.006). Diffusion measurements for clival (P �.02) and for calvarial (P �.03) regions were
significantly correlated with the severity of dementia.

CONCLUSION: The results of this investigation support the utility of diffusion strategies for monitoring
the marrow and provide further evidence of a relationship between marrow status changes and
neurologic progression in HIV patients.

Changes occurring in the marrow have been implicated in
brain injury underlying cognitive deterioration and de-

mentia in patients infected with HIV.1 For example, anemia
before onset of AIDS is predictive of HIV dementia (HIV-D).2

Escalation in monocyte trafficking from the bone marrow into
the brain in late-stage infection may represent a critical deter-
minant of HIV-D neuropathogenesis.3 Significant numbers of
monocytes entering the brain may initiate and maintain pro-
longed or self-sustaining states of deleterious immune activa-
tion. Quantitative imaging strategies can be used to acquire
noninvasive measurements of the marrow in vivo. Measure-
ments sensitive to marrow changes may represent potential
imaging markers of neurologic progression in HIV patients. In
this investigation, mean diffusivity (MD) measurements were
determined in the clival and calvarial marrow regions of HIV
patients. The study tested the hypothesis that the MD can be
used to detect marrow changes and that these imaging mea-
surements correlate with the severity of dementia in HIV
patients.

Methods
Seropositive subjects (mean age, 49.45 � 7.27 years; 9 men and 2

women) included 11 well-characterized, medically stable patients

participating in a longitudinal investigation of the natural history of

neurologic impairment in advanced HIV infection. Seropositivity was

confirmed by enzyme-linked immunosorbent assay and Western

blot. Study exclusion criteria included chronic neurologic disorders,

current or past opportunistic central nervous system (CNS) infection,

and psychosis at study entry. The control group included consecutive

subjects presenting for participation in imaging studies (mean age,

39 � 9.35 years; 7 men and 2 women). Subjects without history of

neurologic illness were included; there were no additional inclusion

criteria for the control group. All HIV subjects were receiving antiret-

roviral treatment (ARV), though one patient’s therapy was tempo-

rarily suspended at the time of the scan. Antiretroviral use was classi-

fied as dual therapy for one patient (1–2 ARVs) and as 3 or more ARVs

(highly active antiretroviral therapy [HAART]) for 9 patients. Ther-

apy for 9 (82%) of the 11 HIV subjects included protease inhibitors.

Clinical assessments of the HIV subjects included the AIDS Clinical

Trials Group Macro-Neurologic Examination and the motor portion

of the Unified Parkinson’s Disease Rating Scale. Dementia severity

was determined for all subjects by using standardized, operational-

ized definitions4 based on the Memorial Sloan Kettering (MSK) rat-

ing scale5 and the Karnofsky Performance Scale.6 CD4 counts for the

HIV subjects ranged from 24/�L to 427/�L, plasma viral load ranged

from undetectable to 5.49 log10 copies/mL, and hemoglobin levels

ranged from 11 to 15.2. Cognitive and clinical information for the

HIV patients is presented in the Table.

MR Imaging
Imaging studies were performed on a 1.5T MR system with a gradient

system achieving a maximum gradient strength of 40 mT/m and a

maximum slew rate of 150 mT/m/m. A quadrature birdcage head coil

was used for radio-frequency transmission and signal intensity recep-

tion. Diffusion tensor imaging was performed by using a diffusion

sensitized echo-planar sequence with spectral selective pulses for fat

suppression. Six diffusion-weighted images were acquired for each

section, with a b value of 1000 seconds/mm2. Diffusion gradients

applied along 6 directions: (1,0,1)/�2, (�1,0,1)/�2, (0,1,1)/�2,

(0,1,–1)/�2, (1,1,0)/�2, (�1,1,0)/�2. A b � 0 reference image was

also acquired. The entire brain was imaged inferior to superior from

the base of the cerebellum to the top of the skull, by using 22 contig-

uous 7-mm axial sections with a field of view of 24 cm, matrix size of

128 � 128, and repetition time of 7000 milliseconds, with 4 averages.

Quantitative image analysis was performed off-line by using a

custom software package to compute the MD values.7 All image pro-

cessing was performed by an operator who was blinded to diagnostic

status. Clivus and calvaria were systematically identified on the axial

MR images by using the sagittal localization as a reference (Fig 1).
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Uniform-sized (22 mm2) regions of interest were placed on the ana-

tomic DTI b0 T2-weighted images. The region of interest for clival

marrow was placed in the center of the narrow area anterior to the

bright band of CSF and the dark band of compact bone tissue and

posterior to the bilateral prevertebral muscles at the plane of medulla

(Fig 2). The region of interest for calvarial marrow was placed on the

left side of the frontal bone between the 2 layers of compact bone (Fig

3). Regions of interest were then projected onto maps to acquire the

diffusion measurements.

The primary dependent measures for analyses included the MD

measures for clivus and calvaria. MD was calculated by using the

average of the diagonal directions of the tensor matrix according to

standard equations.8 From the eigenvalues, �1, �2, �3, the trace of the

diffusion tensor can be estimated, which is proportional to the MD.

Trace � �1 � �2 � �3 and the MD � Trace/3

Cognitive (MSK and Karnofsky) and clinical status (CD4 counts,

plasma viral load, body-mass index, hemoglobin, and hematocrit)

measures were also examined. Relationships between the MD mea-

surements and these variables were evaluated by using Pearson cor-

relation coefficients or nonparametric measures of association where

appropriate (eg, for MSK, Karnofsky, CD4, and viral load). Statistical

analyses were executed with SPSS (SPSS, Inc., Chicago, Ill) by using

2-tailed tests and a significance level of .05. This investigation was

conducted with approval from the institutional review board.

Results
The quantitative imaging measures were evaluated by using
repeated measures analysis of variance with MD measures for
clival and calvarial regions considered as a within-subject fac-
tor and HIV status as a between group factor, controlling for
the effect of age, which was entered as a covariate. A significant
main effect for group was obtained (F[1,17] � 9.925;
P �.0058). MD values were significantly reduced in the HIV
subjects in both marrow regions (clival: mean (SD) in units
mm/s2 for HIV: 0.000768 [0.00017] vs controls: 0.001005
[0.00019]; t(18) � �2.909, P �.0094) and (calvarial: mean
[SD] for HIV: 0.000862 [0.00012] vs controls: 0.001106
[0.00022)]; t[18] � �3.143, P �.0056).

Spearman correlation coefficients were used to examine
the degree of relationship between the MD measures acquired
in the marrow regions and the ordinal scale cognitive status
ratings. Clival MD measurements were significantly associated
with severity of dementia as indicated by MSK and Karnofsky

Clinical, cognitive, and mean diffusivity measures for the HIV patients

Patient
No. Clival Calvarial MSK CD4

Viral Load
(log10) Therapy

1 0.000691 0.000854 2 174 3.914 3-TC, Kaletra,* Ziagen
2 0.001017 0.000784 1 220 1.903 3-TC, Indinavir,* Nevirapine
3 0.000907 0.000866 1 108 2.623 ddl, Efavirenz, DMP266, Viread
4 0.000771 0.001021 1 397 1.903 Efavirenz, DMP266, Viread, Ziagen, Kaletra*
5 0.000873 0.000851 .5 81 3.204 Kaletra,* Combivir
6 0.000757 0.000770 .5 373 1.903 3-TC, d4T, Viracept*
7 0.000427 0.000729 .5 427 1.903 Ziagen, Kaletra*
8 0.000822 0.000890 .5 310 1.903 Norvir,* Saquinavir,* Ziagen
9 0.000941 0.000740 .5 24 5.49 None (drug holiday)
10 0.000612 0.000844 1 122 4.699 3-TC, Norvir,* Amprenavir, Ziagen, Kaletra,* Tenofovir
11 0.000632 0.001137 0.5 240 3.322 3-TC, AZT, ddl, Ziagen, Kaletra,* T20, Tenofovir

Note:—MSK indicates Memorial Sloan Kettering rating scale.
*Protease inhibitor.

Fig 1. Clival (central arrowheads) and calvarial (outer arrows) marrow were systematically
identified on the axial MR images by using the sagittal localization as a reference.

Fig 2. Region of interest for the clival marrow shown on a diffusion map of an HIV patient.

590 Ragin � AJNR 27 � Mar 2006 � www.ajnr.org



measures (MSK: � � �.5165; P �.0197; Karnofsky: � �
0.4460, P �.0487). The relationship between calvarial MD val-
ues and dementia severity was also significant for the MSK
measures (� � �.4741; P �.0347). Clinical status indices—
including CD4 counts, viral load in plasma, body mass index,
hemoglobin, and hematocrit—were not significantly associ-
ated with the bone marrow MD measures.

Discussion
The brain is vulnerable to injury associated with HIV infec-
tion. Large natural history studies indicate that prognostic
markers established before the introduction of HAART may
no longer predict HIV-D in contemporary cohorts of HIV
patients.9 The identification of predictive markers is a critical
imperative to monitor HIV activity in the CNS, direct rational
therapeutic intervention, and optimize treatment efficacy at
the individual level. Formulations of HIV-D neuropathogen-
esis assign critical significance to changes occurring in the
marrow in late-stage infection.3 MR measurements sensitive
to changes in marrow status may represent potential imaging
markers of neurologic progression in HIV patients.

In this investigation, measurements of the MD were signif-
icantly reduced in both clival and calvarial bone marrow re-
gions and these measures were significantly correlated with
the severity of dementia in HIV-infected patients. Mem-
branes, membrane permeability, and the relative volume and
morphology of the extracellular space are among determi-
nants of the measured diffusivity.10 Interaction with cellular
structures reduces the measured diffusion of protons in bio-
logic tissues. Factors that restrict the mobility of protons, such
as hypercellularity and extracellular hemosiderin, are among
possible explanations for the diffusion abnormalities we ob-
served. Extracellular hemosiderin, an iron storage protein
commonly present in macrophages, has been identified in bi-
opsies of HIV patients with marrow imaging abnormalities on

conventional MR images,11,12 as has hypercellularity.11 In-
creased numbers of monocytes and macrophages13–15 have
been seen in AIDS marrows and could contribute significantly
to marrow hypercellularity. Whether a relationship exists be-
tween marrow changes detectable by histopathology and
HIV-D is unclear at present, but HIV expression in marrow,
which appears primarily restricted to macrophage lineage
cells, has been found to be more common among individuals
with HIV encephalitis,16 the pathologic correlate of HIV-D.
Increased numbers of cellular structures, reduced extracellular
space, and more tortuous diffusion pathways, therefore, could
account for reduced diffusion in the marrow of the HIV-in-
fected patients.

The marrow regions studied in this investigation represent
significant sites of active hematopoiesis. The cranium and
mandible together account for approximately 13% of active
(red) marrow in adult humans.17 The changes observed in
clival and calvarial marrow regions, therefore, likely reflect
generalized alterations in hematopoiesis in these patients.
Pathologic processes alter the composition of the bone mar-
row with relative increases in cellular, hematopoietic tissue
and corresponding replacement of adipose tissue. Quantita-
tive imaging studies using spectroscopic techniques have iden-
tified reduced fat fractions in the vertebral bone marrow of
HIV patients.18,19 The prolonged T1 relaxation times of hema-
topoietic bone marrow may also alter the apparent signal in-
tensity causing regions such as the clivus to appear mottled or
hypointense on conventional (T1-weighted) images.20 Exam-
inations of conventional MR images have identified signal in-
tensity abnormalities in the clival11 and spinal marrow of HIV
patients.12 Subtle changes in the marrow, however, may be
difficult to detect on conventional MR images,21 and the mar-
row may appear normal in some HIV patients in advanced
stages of immunosuppression.11 Such findings may reflect the
insensitivity of conventional MR, the measurement error of
subjective determinations of signal intensity abnormality,
and/or meaningful variation associated with individual differ-
ences in vulnerability to HIV-D. MD measurements are based
on physical properties of tissue (the apparent diffusion behav-
ior of protons) that can be objectively quantified and do not
require subjective grading relative to other imaged regions (eg,
subcutaneous fat or white matter) necessitated by qualitative
approaches.

In this investigation, diffusion measures in clival and cala-
varial bone marrow correlated with the severity of dementia.
Monocytes develop within marrow and circulate in blood for
only a short time before migrating into the tissues. Perturba-
tions in monocyte production and egress from marrow could
influence the levels and activation state of these cells in blood.
Increased numbers of activated monocytes correlate with
HIV-D22 and HIV encephalitis, characterized by increased
numbers of infiltrating blood-derived monocytes, and are
strongly associated with the presence of clinical dementia.23,24

Gradual failure of the immune system in HIV infection may
set the stage for macrophage dysregulation, involving patho-
logic cycles of monocyte recruitment, cellular activation, and
the CNS production of potentially toxic secretions.2 Mono-
cytes infiltrating the brain can accumulate within the perivas-
cular space (thus becoming perivascular macrophages), and
activate microglia and other macrophages. These activated

Fig 3. Region of interest for the calvarial marrow shown on a diffusion map of an HIV
patient.
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cells can subsequently produce proinflammatory cytokines
(eg, tumor necrosis factor-�) and other mediators of inflam-
mation, including chemokines (eg, monocyte chemoattrac-
tant protein-1 [MCP-1]) that attract more monocytes into the
brain. Levels of MCP-1 and specific metalloproteinases rele-
vant to blood-brain barrier integrity and monocyte ingress are
elevated in HIV patients with cognitive impairment.25,26 Pro-
longed or unrelenting stimulation of macrophages may result
in extensive injury to brain tissue.27,28 In addition, the activa-
tion of brain macrophages and microglia infected with HIV
can initiate virus replication with the consequent production
of neurotoxic HIV proteins. The high levels of HIV in brain
parenchyma present in some individuals in final stages of in-
fection may also be accounted for by this model. The relative
proportions of HIV infected to uninfected monocytes enter-
ing the brain under conditions of normal versus enhanced
trafficking is unknown, but it is highly unlikely that the pro-
portion of infected cells entering is reduced under conditions
of accelerated trafficking. It is important to note that this
model can account for the neuroprotective benefits of HAART
therapy despite poor CNS penetrance.29 This benefit could
result from the control of peripheral factors (ie, limiting the
activation and subsequent trafficking of bone marrow-derived
monocytes into the brain).30

These findings are based on a small sample of HIV patients.
Further studies are necessary to replicate and extend the re-
sults. The heterogeneity of the skull, user-dependent region of
interest placement, and the possibility of marrow abnormali-
ties in the control participants are possible sources of measure-
ment error. Prospective studies in larger samples of HIV and
well-characterized control subjects will be necessary to estab-
lish the predictive significance of marrow diffusion measure-
ments for neurologic progression.

Conclusion
This investigation indicates that the MD can be used to detect
abnormalities in the clival and calvarial bone marrow and
these imaging measurements are significantly correlated with
dementia severity in HIV patients. Diffusion strategies may
have considerable promise for monitoring changes in marrow
during the course of HIV infection. The noninvasive imaging
measurements can be acquired in vivo during a neuroradio-
logic examination in marrow regions not easily accessible to
biopsy or aspiration. Quantitative imaging studies of the mar-
row may yield insights concerning factors underlying neuro-
logic progression in HIV infection and other CNS disorders
involving shared neuroimmune mechanisms.
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