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Background: The utility of whole body magnetic resonance imaging (MRI) in detecting bone marrow infiltration in

dogs with cancer has not been investigated.

Objectives: To assess the feasibility of 3T body MRI for bone marrow assessment in dogs with hematopoietic neoplasia.

Animals: Seven dogs with B-cell lymphoma, 3 dogs with myelodysplastic syndrome (MDS), and 2 clinically normal

dogs.

Methods: A prospective study of dogs with hematopoetic cancer was conducted using T1W, T2W, In-Phase, Out-of-

Phase and STIR pulse sequences of the body excluding the head prior to bone marrow sampling. The relative signal inten-

sity of a midlumbar vertebral body and a midshaft femoral bone marrow was compared by visual and point region of

interest analysis to regional skeletal muscle.

Results: Similarity of femoral diaphyseal and vertebral body marrow signal intensity to that of skeletal muscle on the

Out-of-Phase sequence was useful in distinguishing the 3 dogs with hypercellular marrow because of MDS from the 7 dogs

with B-cell lymphoma and from the 2 clinically normal dogs. 1/7 dogs with lymphoma had proven bone marrow involve-

ment but normal cellularity and less than 5% abnormal cells. Unaffected midfemoral marrow had greater signal intensity

than skeletal muscle and unaffected vertebral marrow had less signal intensity than skeletal muscle on the Out-of-Phase

sequence.

Conclusions and Clinical Importance: 3T, Out-of-Phase MR pulse sequence was useful in distinguishing diffuse bone

marrow infiltrate (MDS) from minimally or unaffected marrow using skeletal muscle for signal intensity comparison on

whole body MRI.
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Whole body magnetic resonance imaging (MRI)
staging techniques in people and companion

animals might provide prognostically relevant infor-
mation in a cost-effective, minimally invasive man-
ner.1–5 Bone marrow involvement has particular
prognostic relevance in dogs with hematopoetic malig-
nancies.6 There is information on imaging of normal
marrow in dogs using low-field MRI techniques,7,8

but nothing on high field, particularly 3T, and noth-
ing with a spectrum of pulse sequences available.
There is, however, a need to assess the potential
applicability of high-field body MRI as a relevant
bone marrow staging procedure in dogs with infiltra-
tive (nonfocal) malignancies. Using 1.5T and 3.0T
MRI techniques, characterization of marrow infiltrates
in vertebral or long-bone diaphyseal yellow marrow
in adult humans aids both staging and treatment effi-
cacy.9–14 There are potential inaccuracies of standard
site marrow sampling in human beings,15 but the

applicability of MRI-based guidance for marrow
staging in dogs has not been explored. Before any
in-depth clinical investigation regarding the relevance
of bone marrow imaging in dogs with hepatopoetic
neoplasia using high-field MRI can be performed, it
must be demonstrated that generally available high-
field MRI techniques can define infiltrative malignant
disease in the bone marrow of adult dogs during
practical whole body imaging. If, based on prelimin-
ary results, infiltrative marrow malignancy can be
identified, it would provide the impetus to further
investigate body MRI as a means of staging these
malignancies with regard to high-grade marrow dis-
ease as well as using it as a guide to sample marrow
for confirmation and further staging of the disease.

Infiltrative (nonfocal) disease is an interpretive
dilemma because the infiltrate cannot be measured and
may be inflammatory, metabolic, pharmacologic, or
neoplastic origin.9,16–18 The identification of abnormali-
ties is then based on the variances in tissue or organ
“brightness” in the image as compared to some internal
standard. Magnetic resonance imaging can detect para-
magnetic substances (gadolinium-based contrast agents,
iron-based contrast agents, and extravascular blood
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3T 3 Tesla magnetic field strength

MDS myelodysplastic syndrome

MRI magnetic resonance imaging

ROI region of interest

T1W T1-weighted image (short TR, short TE)

T2W T2-weighted image (long TR, Long TE)
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products), melanin, and proteinaceous substances in
tissues,19–22 and can emphasize tissue contrast using a
versatile spectrum of MRI pulse sequences,23–25 pro-
vided the normal appearance by pulse sequence is
understood.19,26–33 High-field muscle signal intensity has
been used in people as an internal standard for bone
marrow comparison,34–37 but only low-field information
on normal dogs could be found.7,8

The purpose of this prospective pilot study was to
determine if data on a limited number of dogs with
multicentric malignancies like lymphoma or myelodys-
plastic syndrome (MDS) compared to a limited num-
ber of clinically normal adult dogs provided sufficient
justification to further explore body MRI for bone
marrow staging.

Materials and Methods

Based on inclusion criteria of clinical and either cytologic or

hematologic evidence of hematopoietic neoplasia (lymphoma or

MDS), 10 dogs presenting to the U-MN Veterinary Medical Cen-

ter Oncology Service for staging and treatment were subjected to

body MR imaging and bone marrow sampling. A preliminary

cytologic diagnosis of lymphoma in a lymph node was based on

>50% medium to large or cytologically atypical lymphocytes.

This was followed with histopathologic confirmation by exami-

nation of hematoxylin and eosin stained lymph node biopsy

specimen and classification according to the World Health

Organization criteria adapted for the dog.38 A diagnosis of MDS

was made based on data from the complete blood count and

bone marrow evaluation (see below). Dogs were excluded from

consideration for the study if there were unjustifiable risks associ-

ated with general anesthesia for the imaging procedure. All

protocols were approved by the Institutional Animal Care and

Use Committee and owner consent was obtained before the

procedure.

Bone marrow sampling was performed at 2 sites per dog

(iliac crest and proximal humerus) unless directed otherwise by

unexplainable or asymmetric findings on the MRI images. The

bone marrow sampling was performed immediately after the

MRI. Using standard techniques, bone marrow aspirates and

core biopsies were collected from each site using Rosenthal

bone marrow aspirate needles and Jamshidi core biopsy nee-

dles, respectively. The bone marrow involvement in dogs with

lymphoma was diagnosed by the presence of >2% lymphoblasts

with a concurrent cytologic or histologic diagnosis of lym-

phoma in peripheral lymph nodes or accessible organs. The

diagnosis of MDS was based on a modification of the most

recent World Health Organization scheme for myeloid neo-

plasms.39 that excludes the use of cytogenetic abnormalities

based on the fact that these have not been characterized in

dogs.40 Briefly, the presence of refractory peripheral cytopenias

in combination with evidence of dysplasia in >10% of precur-

sors in one or more myeloid lineages (erythroid, myeloid, or

megakaryocytic) and a blast count of <20% resulted in a diag-

nosis of MDS. The classifications of marrow pathology were

compared to the MRI findings in an attempt to define trends

that would justify acquiring data in a subsequent study suitable

for statistical analysis. In the context of the pathologic diagno-

ses, marrow images were evaluated for the presence or absence

of abnormal signal intensity or perturbations of the marrow

architecture.

The body was divided into cranial (excluding the head) and

caudal halves and the dogs were imaged using 3 Tesla MRI

imaging equipmenta under general anesthesia without respiratory

or cardiac gaiting. At least two of the 3 standard (dorsal, sagittal,

transverse) imaging planes were used for each pulse sequence to

permit orthogonal comparison. The pulse sequences used

included T1W fast spin echo (FSE) [TR = 825 ms, TE = 20 ms,

1 NEX], T2W FSE [TR = 3200 ms, TE = 120 ms, 1 NEX], in-

phase [TR = 140 ms, TE = 2.1 ms, flip angle = 80o, 1 NEX],

out-of-phase [TR = 140 ms, TE = 3.15 ms, flip angle = 80°, 1

NEX], and short tau inversion recovery (STIR) [TR = 3800 ms,

TE = 34 ms, TI = 160 ms, 1 NEX]. Slice thickness was 8–10 mm

with an interslice interval of 3–5 mm. The field of view was

adjusted to body region imaged, but ranged from 30 to 45 cm.

All sequences were completed in less than 75 minutes. As a base-

line, 2 clinically normal young adult dogs in the elective small

animal surgery spay/neuter program were subjected to the same

imaging protocol.

All image interpretation was performed by the lead author

(D.A.F.) without knowledge of bone marrow, lymph node, or

parenchymal organ status other than that the dogs had sus-

pected hematopoietic malignancy or were clinically normal. The

signal intensity of lumbar vertebral marrow and middiaphyseal

femoral marrow (slice chosen to limit partial volume effects)

regions were visibly defined as low (similar to urinary bladder

on T1W, In-phase, Out-of-phase; similar to skeletal muscle on

T2W; similar to fat on STIR sequences), high (similar to fat on

T1W, T2W FSE, In-phase, Out-of-phase; similar to urinary

bladder on STIR sequences) or midrange (visually different

from and between the extremes listed above). Further visual

marrow signal intensity comparison was made specifically to

regional skeletal muscle (classified as similar to, greater than or

less than). In addition, representative, user-defined point ROI

measurements from images on a picture archive and communi-

cation systemb on the same tissue groups were made. Specifi-

cally, a left and a right hemivertebral body marrow signal

intensity measurement were made on one of the midlumbar

vertebrae from an axial image (specific vertebra chosen to limit

partial volume artifact). Left and right muscle signal intensity

measurements were made from the epaxial muscles in the same

region as the vertebra being compared and all were from the

same slice. Left and right measurements were averaged for both

muscle and vertebral marrow before the marrow/muscle numeric

signal intensity calculations (average marrow signal intensity

divided by average muscle signal intensity) were made. Two

marrow signal intensity measurements were made midfemur

(diaphysis) with the choice of left versus right made based on

the best image available from among the dorsal, axial, and

sagittal planes and to limit partial volume artifact. Two regional

skeletal muscle signal intensity measurements were also made in

the muscles surrounding the middiaphyseal region sampled for

marrow signal intensity and all were from the same slice. The 2

measurements were averaged for both muscle and midfemoral

marrow before the marrow/muscle numeric signal intensity com-

parisons were made as described above for the lumbar verte-

brae. A visual overview of both the upper torso and the lower

torso was made to assure that the trends observed in the hind

limbs were the same in the front limbs. Because this study was

carried out to investigate both parenchymal organ signal inten-

sity and bone marrow signal intensity in practical body imag-

ing, specific positioning to optimize a specific long bone or a

particular spinal segment was not performed. The images from

the 2 clinically normal dogs were interpreted similarly, but indi-

vidually such that the findings in one did not influence the find-

ings in the other.

Because the study was intended as a proof of principle regard-

ing whether lesions could be located by high-field MR body

screening images and how what was found compared with the

available information on the dog’s bone marrow status, no statis-

tical analyses were performed.
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Results

The 2 healthy dogs were mixed-breed, intact males
between the ages of 1.5 and 3 years old. The 10 clini-
cally affected dogs in the study had an average age of
7.9 years (range 4.5–11). There were 5 neutered males
(Akita, American Staffordshire Terrier, Scottish
Terrier, Shetland Sheepdog, Standard Poodle) and 5
spayed females (Golden Retriever [3], mixed-breed,
Shih Tzu). Seven dogs were diagnosed with high-grade
B-cell lymphoma (4 stage 3a, 1 stage 4a, 2 stage 5a)
and three with MDS. The % blast cells for six of the
seven lymphoma-affected, but marrow negative dogs
was less than 2% and marrow cellularity was either
within or less than reference intervals. The lymphoma-
affected, but marrow positive dog had 3.5% blast cells
but cellularity still within reference intervals. By com-
parison, the MDS-affected dogs had 7–11% blast cells
and cellularity above reference intervals. With the
exception of Case 10, none of the dogs had prior ste-
roid or cytotoxic treatment. Case 10 received systemic
corticosteroid treatment for 84 days without satisfac-
tory improvement before the MRI and bone marrow
sampling.

Focal or multifocal bone marrow infiltrates were not
found in either the canine diffuse B-cell lymphoma
dogs or the MDS dogs. There was no protocol that
distinguished the single marrow positive B-cell lym-
phoma-affected dog from the other 6 lymphoma-
affected dogs without confirmed marrow involvement
or from the clinically normal dogs. However, when the
signal intensity relationship between the midfemoral
and lumbar vertebral marrow regions and their regio-
nal skeletal muscle in each dog with hematopoietic
neoplasia was compared to similar regions from the
normal dogs, a number of variations were found
across the various MR pulse sequences (Table 1; Fig 1
and 2). While only lumbar vertebral marrow and mid-
femoral marrow signal intensity were specifically ana-
lyzed here, the findings were visually similar in the
front limb long bones. From among the 5 pulse
sequences, only the Out-of-Phase protocol visually
distinguished the abnormal lumbar vertebral and mid-
femoral marrow relative signal intensity in the MDS-
affected dogs (both similar to skeletal muscle on that
sequence) from both the vertebral and midfemoral
marrow relative signal intensity in the normal and lym-
phoma-affected dogs (both visibly different from skele-
tal muscle on that sequence). As measured by point
ROI and expressed in terms of numeric relative signal
intensity using epaxial muscle signal intensity as a
basis for comparison, the MDS-affected dogs had ver-
tebral marrow signal intensities visibly similar to and
numerically within 30% of that in skeletal muscle
(ratio range from 0.70 to 1.02). The 2 normal and 7
lymphoma-affected dogs had notably less visible and
lower numeric vertebral marrow signal intensity com-
pared to muscle (vertebral body marrow/muscle ratio
range 0.15–0.58). All MDS dogs had visually similar
midfemoral marrow and muscle signal intensities
whereas the 2 normal and the 7 lymphoma-affected T
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dogs had marrow signal intensity notably greater than
regional skeletal muscle at subjective visual exami-
nation. Two of the 3 MDS-affected dogs had
midfemoral point ROI-based marrow signal intensity
measurements that differed numerically by less than
3% from regional skeletal muscle (midfemoral mar-
row/muscle ratio range from 0.97 to 1.0). The 2 nor-
mal and 4/7 lymphoma-affected dogs had notably
greater numeric midfemoral marrow signal intensity
compared to muscle (midfemoral marrow/muscle ratio

range 1.35–1.69). Both normal dogs had midfemoral
marrow to muscle ratios of 1.6–1.69. However, there
were 3 lymphoma-affected dogs and one of the MDS-
affected dogs that had marrow to muscle ratios in a
numerical range (0.65–1.1), which was less than or
nearly equal to the MDS dogs. Therefore, 2 of the
MDS and 1 of the lymphoma-affected dogs were
within 10% of being isointense to regional skeletal
muscle (point ROI midfemoral marrow/muscle ratio of
1.0), 2 lymphoma dogs and one of the MDS dogs had

A B

DC

Fig 1. Comparison of axial out-of-phase middiaphyseal femoral images from a dog with hypocellular marrow and lymphoma (A), a

dog with normocellular marrow and lymphoma (B), a dog with hypercellular marrow from myelodysplastic syndrome (C) and a clini-

cally normal dog (D). Note the low signal intensity (similar to regional muscle) of the midfemoral diaphysis marrow (arrow) on the dog

with hypercellular marrow because of myelodysplasia (C) in comparison with comparable regions in the other dogs (arrows).

A B

Fig 2. Comparison of axial out-of-phase lumbar vertebral images from a dog hypercellular marrow and myelodysplastic syndrome (A)

and a clinically normal dog (B). Note the nearly identical signal intensity of vertebral body marrow (arrows) and the regional skeletal

muscle in the dog with hypercellular marrow because of myelodysplasia (A) compared to the greatly different signal intensity of these tis-

sues (vertebral marrow less than muscle) in a clinically normal dog (B).
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midfemoral marrow/muscle ratios less than 0.75, and
the 2 normal dogs and 4 of the lymphoma dogs were
greater than 1.35. The clinically normal dogs and the 7
lymphoma-affected dogs were not as distinguishable
from each other based on bone marrow appearance on
the other 4 sequences used here (Table 1).

The bone marrow cellularity for the 7 lymphoma-
affected dogs was either within or below reference
intervals. By comparison, the MDS dogs had greater
cellularity as well as % blast cells at least twice that of
any of the lymphoma-affected dogs. Based on the out-
of-phase sequence, the hypercellular marrow induced
by the MDS condition, tended to resemble skeletal
muscle in signal intensity for lumbar vertebral and
midfemoral regions both visually and generally numer-
ically rather than be notably different from it as was
found in either the lymphoma-affected or the normal
dogs.

Discussion

Despite the absence of focal or multifocal bone mar-
row lesions among the 10 affected dogs, the visual
assessment of marrow signal intensity on the Out-
of-Phase pulse sequence generally distinguished the 3
dogs with MDS from the other dogs with or without
lymphoma of the marrow and from the normal dogs.
Basically, vertebral and midfemoral marrow regions of
the MDS-affected dogs had signal intensities visibly
similar to that of regional skeletal muscle and visibly
different from fat or urinary bladder on the Out-
of-Phase sequence. On that sequence @ 3T, the normal
vertebral marrow signal intensities are visibly less than
those from regional skeletal muscle. We assumed that
normal adult dog vertebral marrow signal is low due
from suppression induced in the Out-of-Phase
sequence because of the approximately equal red (cel-
lular) and yellow (fatty) marrow and the influence of
regional trabecular bone and other factors.7,12 Simi-
larly, the normal middiaphyseal femoral marrow signal
intensities are visibly greater than those from the regio-
nal skeletal muscle on the Out-of-Phase sequence @
3T. We suspect that the normal femoral middiaphyseal
adult dog marrow signal is high because of the pre-
sumed predominance of yellow marrow with limited
signal suppression on the Out-of-Phase sequence.7,12

The skeletal muscle, although subject to atrophy,
edema, fat infiltrate and other conditions, still serves
as a reasonably predictable basis for comparison to
the marrow. MR sequence parameters as well as
numerous physiologic and pathologic processes influ-
ence the MR appearance of both normal and abnor-
mal bone marrow.41 These observations suggest that
the visual comparison of marrow signal intensity to an
internal standard like regional skeletal muscle has
merit in the recognition of diffuse, hypercellular infil-
trative marrow disease on whole body images. The
point region of interest numeric analyses had more
complicated interpretations. However, the normal dogs
and the majority of the lymphoma-affected dogs had
midfemoral marrow of greater signal intensity than

regional muscle and all of the normal and lymphoma-
affected dogs had lumbar vertebral marrow of less
signal intensity than regional muscle. However, much
more research into both the physical and physiologic
influences will be necessary to further explain the
potential variables that are beyond the scope of this
study.

The comparison of the “visual” relative signal inten-
sity between marrow and muscle at the 2 sites evalu-
ated here has merit in that a vertebral or midfemoral
signal intensity similar to regional skeletal muscle
should arouse suspicion of marrow abnormality.
Hypercellular marrow seems to be a contributing
factor. There are some inconsistencies when point
ROI-based analyses were applied to the midfemoral
marrow. Here, there was overlap between the MDS-
affected dogs and the lymphoma-affected dogs, but not
the normal dogs. There was 1 lymphoma-affected, but
marrow negative dog that had measured bone marrow
signal intensity close to skeletal muscle. One of the
MDS dogs and 2 of the lymphoma-affected dogs had
measured midfemoral marrow signal intensity less than
that of skeletal muscle. Because of the small dog num-
bers, we chose not to speculate further as to potential
marrow or MRI technical variables that may be
involved here. At this point, point ROI-based similar-
ity of midfemoral signal intensity to that of regional
skeletal muscle still distinguished 2 of the 3 MDS dogs
from both of the normal dogs and all but one of the
lymphoma-affected dogs. Our data suggest that normal
dogs and most dogs without hypercellular marrow will
have ROI-based midfemoral marrow signal intensity
different (greater than or less than) from that of regio-
nal skeletal muscle. Comparison between the signal
intensity characteristics of the middiaphyseal femoral
and the midlumbar vertebral body marrow signal
intensity seems to provide additional perspective for
ROI interpretation.

There are a number of considerations surrounding
our results. First, it is possible that the small number
of dogs we studied simply lacked focal or sufficiently
severe diffuse lymphoma marrow infiltrate for us to
identify it with MR or confirm with standard sampling
techniques. Second, it is possible that lymphoma mar-
row infiltrate in dogs can be diffuse, focal or multifocal
making marrow involvement difficult to differentiate
from normal variation as was seen in the one dog (of
7) with B-cell lymphoma. Third, it is also possible that
the pulse sequences we used were unable to detect the
lymphoma-related marrow disease present.More likely,
however, is that this is a function of the severity of
marrow infiltration. The one B-cell affected dog with
demonstrable marrow involvement did not have hyper-
cellular marrow. Our results suggest that it is the
hypercellularity of the marrow that at least in part cre-
ates the visual similarity between marrow and muscle
on the Out-of-Phase sequence in the MDS-affected
dogs in both the midfemur and lumbar vertebral
regions. It is assumed that with hypercellular marrow,
the signal contributions from the fat and the marrow
elements in the midlumbar vertebral and midfemoral

3T Bone Marrow Imaging in Dogs 1169



regions are similar to the contributions from the
mixture of regional fat and muscle elements on the
Out-of-Phase sequence used here. By comparison, at
3T, the relative contributions of fat and marrow ele-
ments are apparently more equal in the vertebral mar-
row resulting in the low signal intensity (as well as the
effect of marrow trabeculae) and more dominated by
fat in the midfemoral marrow resulting in the high
marrow signal intensity in the midfemoral marrow in
the dogs with normal marrow cellularity. That raises
the question as to whether sufficiently hypercellular
lymphoma marrow infiltrates would be detectable and
whether it would be isointense to regional skeletal
muscle? It also raises the question about the MR
appearance of “stimulated” normal marrow as is seen
in dogs with conditions such a hemolytic anemia and
whether that would become isointense to regional skel-
etal muscle?

Acknowledging that bone marrow infiltrate in
canine lymphoma occurs with sufficient frequency to
affect prognosis,6,42 the question now is whether addi-
tional data on a different subset of lymphoma-affected
dogs with high marrow cellularity will resemble the
MDS-affected dogs’appearance here? We used mature,
but not aged normal dogs used as controls in this pilot
study for comparison to aged dogs with chronic dis-
ease. Acknowledging that younger dogs are generally
more likely to have highly cellular marrow than older
dogs,43 this should theoretically reduce the ability to
detect differences in marrow signal intensity between
dogs with normal marrow and those with as we
hypothesize hypercellular marrow. Because the differ-
ences were visible here, there is less concern for the
age difference. In a more comprehensive study, age-
matched control dogs and greater dog numbers would
be appropriate.

A similar study of abdominal parenchymal organ
signal intensity was also conducted on this group of
dogs and reported elsewhere.44 Relative signal intensity
again using skeletal muscle on the T2W sequence as a
basis for abdominal parenchymal organ comparison
distinguished the normal from the affected dogs
acknowledging that the signal intensity variation may
be because of the malignancy or it may be because of
metabolic abnormalities induced by the cancer condi-
tion. The 2 clinically normal dogs were a feasibility
assessment for using MR signal intensity as part of the
interpretive background for high-field whole body
imaging of diffuse infiltrative abnormalities (disease
that does not alter the tissue or organ architecture)
including the bone marrow. Despite the qualitative
nature of grouping signal intensity values using only
visual comparisons on the Out-of-Phase sequence and
without specific focus on marrow regions, the 2
clinically normal dogs’ signal intensities for the lumbar
vertebral or midfemoral marrow regions and the skele-
tal muscle regions provided a useful perspective for
evaluation of the abnormal dogs. It should be empha-
sized that the femoral marrow signal intensity compar-
isons are only valid for the midshaft region because of
the marrow differences known to occur in the metaph-

yses and epiphyses in adult dogs.7 The out-of-phase
pulse sequence was not reported in earlier low-field
investigations.7,8 We also raise concern for field
strength variations in marrow observations in adult
dogs because the lumbar marrow has a visibly greater
signal intensity than skeletal muscle on a T1W
sequence @ 3T while it is reported to be of equal
signal intensity to skeletal muscle on low-field equip-
ment.7 Additionally, the long bone marrow has basi-
cally the same visible signal intensity as skeletal muscle
on STIR sequences @ 3T while it is reported to be less
signal intense than skeletal muscle on low-field equip-
ment.7 Therefore, there are not only differences related
to the parameters used in the various pulse sequences
and machine to machine variations, but there also
seems to be a difference between high- and low-field
techniques. These differences will likely affect interpre-
tation of diffuse marrow and potentially parenchymal
organ disease. Further study is obviously indicated at
both field strengths.

Footnotes
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