Imaging of Lung Transplantation

175

Fisher AJ, Lordan JL, Dark JH, Corris PA (2005) Azithro-
mycin reverses airflow obstruction in established bron-
chiolitis obliterans syndrome. Am J Respir Crit Care Med
172:772-775

YeldandiV,LaghiF, McCabe MA, Larson R, O’Keefe P, Husain
A, Montoya A, Garrity ER Jr. (1995) Aspergillus and lung
transplantation. ] Heart Lung Transplant 14:883-890

Yousem SA, Berry GJ, Cagle PT, Chamberlain D, Husain AN,
Hruban RH, Marchevsky A, Ohori NP, Ritter J, Stewart S,
Tazelaar HD (1996) Revision of the 1990 working formu-
lation for the classification of pulmonary allograft rejec-

tion: Lung Rejection Study Group. ] Heart Lung Trans-
plant 15:1-15

Zenati M, Dowling RD, Dummer JS, Paradis IL, Arena VC,
Armitage JM, Kormos RL, Hardesty RL, Griffith BP (1990)
Influence of the donor lung on development of early in-
fections in lung transplant recipients. ] Heart Transplant
9:502-508; discussion 508-509

Zhang L, Irion K, da Silva Porto N, Abreu e Silva F (1999)
High-resolution computed tomography in pediatric pa-
tients with postinfectious bronchiolitis obliterans. ] Tho-
rac Imaging 14:85-89




Bone Marrow Transplantation

6.1 Hematopoietic Transplantation

JORGE SIERRA

CONTENTS
E—
6.1.1 Introduction 177
6.1.2 History 178
6.1.3 Indications 179
6.1.4 Transplantation Technique 179

6.1.4.1 Donor Selection in Allogeneic
Transplants 179

Hematopoietic Stem Cell Harvest
Conditioning Regimen 181
Stem Cell Infusion 181
Graft-Versus-Host Disease Prophylaxis in
Allogeneic Transplantation 181
Post-Transplant Supportive Measures
Hematopoietic and Immune
Reconstitution from Transplanted Cells

6.1.4.2
6.1.4.3
6.1.4.4
6.1.4.5

180

6.1.4.6
6.1.4.7

181

182

6.1.5

6.1.5.1
6.1.5.2
6.1.5.3
6.1.5.4

Transplant Complications 182
Graft Failure 182
Opportunistic Infections
Graft-Versus-Host Disease

Other Complications 185

183
184

6.1.6  Results 185

6.1.7  Future Developments 186

References 186

]. SIERRA, MD, PhD

Professor of Medicine, Director, Clinical Hematology and He-
matopoietic Transplantation Program, Hospital de la Santa
Creu i Sant Pau, Universitat Auténoma de Barcelona, Barce-
lona, Spain

6.1.1
Introduction

Hematopoietic transplantation is increasingly be-
ing used as treatment for a variety of severe dis-
eases. Data from International Registries indicate
that more than 25,000 transplants are performed
every year in Europe, and a similar number in the
United States (US) (COPELAN 2006; GRATWOHL et
al. 2007). The objectives of this procedure are: (1)
to replace hematopoiesis affected by a severe and
irreversible disorder, (2) to rescue the patient from
intense marrow toxicity induced by high-dose che-
motherapy and/or radiation, and (3) to use a fraction
of cells contained in the graft as anti-tumor immu-
notherapy. Of note, one or more of these objectives
may be pursued in a particular situation; for ex-
ample, in a patient with acute leukemia, transplan-
tation aims to replace the neoplastic hematopoiesis
by administering high-dose cytotoxic therapy and
taking advantage of the graft-versus-leukemia effect
of donor T-lymphocytes from the graft. In contrast,
in aplastic anemia the only goal of the procedure is
to restore an adequate hematopoiesis.

There are several transplantation modalities,
depending on the type of donor and the source of
hematopoietic cells. In all cases, the donor has to be
identical or very similar to the recipient in the ma-
jor histocompatibility system of human leukocyte
antigens (HLA). If the donor is an identical twin
of the recipient the transplant is named syngeneic,
whereas if the donor is another type of individual
the denomination is allogeneic; in the latter cir-
cumstance the donor may be related or unrelated to
the patient. Frequently, the patient acts as his own
hematopoietic donor and the name for such an ap-
proach is autologous transplantation. In this situa-
tion, the transplanted cells have to be collected and
cryopreserved before the administration of high-
dose therapy.
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Regarding the source of hematopoietic stem cells,
the transplant may be from bone marrow, mobilized
peripheral blood or umbilical cord blood.

6.1.2
History

In 1939, Osgood administered repeated injections
of a small amount of intravenous bone marrow to
treat aplastic anemia without observing a response
(THOMAS 1999). One year later, Morrison unsuc-
cessfully treated another aplastic anemia patient by
infusing marrow cells into the sternum. During the
Second World War, the Atomic Energy Commission
of the US promoted investigations on the intrave-
nous administration of bone marrow cells to irra-
diated dogs. The low dose of radiation, 350 rads or
3.5 Gy, was insufficient to facilitate the engraftment
of infused marrow.

Between 1949 and 1954, Jacobson, Lorenz, Barnes
and Loutit made important experiments in mice
showing that cells from the spleen or the bone mar-
row protected from death caused by radiation. Of
note, a different evolution was observed after syn-
geneic and allogeneic transplantation, since mice in
the latter group usually died due to complications
defined as “secondary disease”. This experience an-
ticipated the most relevant problem after this type of
transplantation, graft-versus-host disease (GVHD).

In 1957, Thomas and Ferrebee published a re-
port on six patients with end-stage hematologic
cancer who received extensive radiation and in-
travenous marrow cells from healthy donors
(THOoMAsS et al. 1957). This pioneering experi-
ence in human hematopoietic transplantation led
to engraftment in only one case. One year later,
Kurnick described the first two cases of autolo-
gous transplantation of human marrow cells to
treat radiation toxicity.

In 1959 THoMAs published the first series
of successful bone marrow transplants in hu-
mans using identical twin donors. One year
before, DAusser and vaN Roop had discov-
ered the HLA system, enabling the possibil-
ity of performing allogeneic transplantation
with a reasonable chance of success. In 1965,
MATHE et al. were the first to obtain a sustained
allogeneic engraftment, although the patient sub-
sequently died from chronic GVHD.

In 1969, the Seattle transplant team, under the
leadership of Donnall Thomas, established the pro-
gram of hematopoietic transplantation as a treat-
ment for severe aplastic anemia and advanced-stage
acute leukemia. These investigators demonstrated
that this treatment allowed long-term survival in a
small fraction of otherwise incurable patients. The
results encouraged this group to investigate this ap-
proach in earlier phases of disease evolution. In 1972
and 1974 the Seattle team published two reports in
aplastic anemia patients achieving 40% long-term
survival. These experiences increased the interest
about marrow transplantation in other Western
countries during the second half of the 1970s.

The first unrelated donor marrow transplanta-
tion was performed in 1972 (THOMAS 1999). In 1973,
the Anthony Nolan Registry of the United Kingdom
(UK) was created to increase the access to HLA-
typed unrelated volunteers. However, due to the ini-
tial complexity of donor search, these transplants
were infrequent until the second half of the 1980s.

In 1989, GLUCKMAN et al. performed the first hu-
man transplantation with hematopoietic cells from
the umbilical cord blood of a newborn, in a pa-
tient with Fanconi anemia. One year later, in 1990,
Donnall Thomas was awarded with the Nobel Prize
of Medicine for his pioneer work and achievements
in hematopoietic transplantation field.

Until the late 1980s, bone marrow was the stem
cell source in practically all transplants. In those
days it became evident that large numbers of he-
matopoietic progenitors could be obtained from
peripheral blood during the recovery phase fol-
lowing chemotherapy. The introduction of colony-
stimulating factors (CSF) in clinical practice led
to the same observation: these agents were able to
mobilize large amounts of hematopoietic progenitor
cells to peripheral blood. Of note, the combination
of chemotherapy and CSF increased the harvestable
cells by means of apheresis devices compared with
either alone. In autologous transplants, peripheral
blood rapidly replaced bone marrow as the source of
hematopoietic progenitors. In contrast, in allogene-
ic procedures the introduction of peripheral blood
was slower. The reason was the particular concern
that GVHD could be very frequent and severe, since
peripheral blood contains 10 times more T-lympho-
cytes than bone marrow. However, this drawback
was not confirmed by clinical experience and since
1995 the proportion of peripheral blood transplants
has progressively increased, accounting now for
more than 70% of allogeneic procedures.
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6.1.3
Indications

Hematopoietic transplantation is mostly indicated
for hematologic malignancies that can be treated
with high doses of cytotoxic agents (COPELAN 2006).
Figure 6.1.1 reflects the most frequent diagnoses in
patients with neoplastic diseases. Current indica-
tions and practice of this treatment have been re-
cently reviewed (GRATWOHL et al. 2007). Patients
with lymphoma, myeloma, acute leukemia or myelo-
dysplasia may benefit from this procedure, among
others. Hematopoietic transplantation is also useful
for replacing insufficient or defective cells derived
from the marrow progenitors. This is the case in
patients with marrow aplasia, central cytopenias,
paroxysmal nocturnal hemoglobinuria, marrow
myelofibrosis or inherited disorders of metabolism.
Depending on the disease and degree of marrow
involvement, patients will be suitable for allogeneic,
autologous transplantation, or both. Of note, prog-
ress in non-transplant therapies is limiting some
classical indications for this procedure. A good
example of this is chronic myelogenous leukemia,
where the introduction of imatinib, a bcr-abl tyro-
sine kinase inhibitor, has dramatically decreased the
number of transplants for this disease (BACCARANI
et al. 2006). On the other hand, studies showing no
superiority of autologous transplantation over con-
ventional treatment in patients with breast cancer
mean that the former is almost never used now.

Fig. 6.1.1. Indications of
250 4

autologous, allogeneic or
syngeneic hematopoietic
transplantation at the 200 4

Hospital de la Santa Creu
i Sant Pau in Barcelona.
(AA, Aplastic anemia;
ALL, acute lymphoblastic
leukemia; AML, acute
myeloid leukemia; CLL, 100 4
chronic lymphocytic
leukemia; CML, chronic

Number

myelogenous leukemia; 30

HD, Hodgkin’s disease;

MDS, myelodysplastic 0 }
Syndrome; MM, multiple NHL AML MM

myeloma; NHL, non-

Hodgkin’s lymphoma) CJAUTO

6.1.4
Transplantation Technique

The main phases of hematopoietic transplantation
procedure are as follows (Fig. 6.1.2): (1) identifica-
tion of stem cell donor and stem cell source, followed
in autologous transplants by the harvest of hema-
topoietic cells, (2) administration of a preparative
regimen (conditioning) to damage the recipient’s
hematopoiesis and immune system, to create mar-
row space, and eventually to treat the neoplastic
disease, (3) collection and infusion of hematopoietic
progenitors from the donor, or thawing and admin-
istration of the autologous stem cells, (4) supportive
measures until hematologic and immune recoveries
are achieved, (5) in allogeneic transplants, manage-
ment of the immune interaction between donor cells
and recipient tissues potentially leading to graft re-
jection and/or GVHD.

6.1.4.1
Donor Selection in Allogeneic Transplants

HLA compatibility between donor and recipient may
be studied by serologic methods or DNA techniques.
The required resolution of HLA-typing methods is
lower when recipient and donor are siblings com-
pared to unrelated donor transplantation. In the
latter circumstance, high-resolution allele typing is
necessary for an adequate HLA matching. HLA-A,

HD CML ALL MDS CLL AA

Others

B ALLO [ Syngeneic
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Fig. 6.1.2. Schema of
hematopoietic stem cell
transplantation. The pa-
tient receives conditioning
regimen with chemother-
apy (CT) and/or radiation
to create marrow space
and reduce the tumor. On
day 0, autologous or allo-
geneic hematopoietic cells
are administered through
a right atrial catheter. The
patient experiences pro-
found aplasia and immune
suppression. During this
period immediate toxicity
and opportunistic infec-
tions appear. After hema-

Allogeneic
Related or Unrelated Donor

Bone Marrow

> tologic recovery, recipient
Leukemia Infections tissues are recognized
Lymphoma Hemorrhages by Immune-competent
Myeloma GVHD donor-derived T-cells and
Others Graft vs tumor graft-versus-host disease

Patient

-B, and -DR antigens are analyzed in transplants
between siblings, whereas HLA-A, -B, -C, DRB1 and
DQBI alleles are studied in unrelated pairs. No more
than one antigen mismatch is acceptable if the do-
nor is a relative of the recipient, and no more than
one allele mismatch in transplants from unrelated
volunteers. In umbilical cord blood transplantation,
units are selected by HLA-A and -B serologic or low-
resolution DNA typing, whereas allele identification
is required for matching at HLA-DRBI. Up to two
HLA disparities are acceptable in this type of trans-
plantation.

6.1.4.2
Hematopoietic Stem Cell Harvest

Multiple punctures in the iliac crests (more than
100-150) are necessary to aspirate enough marrow
cells for transplantation. This procedure is made
under general or less frequently regional anesthe-
sia. Harvest of marrow cells from the sternum is
exceptional. Marrow blood (1000-1500 ml) has to
be obtained and subsequently filtered to elimi-
nate bone fragments. This product is collected in
transfusion bags with red cells being removed in
case of donor-recipient major ABO incompatibil-
ity. The amount of hematopoietic progenitors of an

(GVHD) develops. Graft-
versus-tumor effect con-
tributes to the eradication
of residual neoplastic cells

adequate marrow product is at least 1X10® CD34-
positive cells/kg of the recipient. Administering
a high marrow cell dose is particularly relevant
for improving the outcome after unrelated trans-
plantation.

Hematopoietic stem cells may also be obtained
from the peripheral blood by means of apheresis
machines. These devices are sophisticated centri-
fuges which separate circulating blood cells and
allow their selective aspiration. To mobilize hema-
topoietic progenitor cells from marrow to blood,
CSF have to be administered to the donor. In au-
tologous harvesting chemotherapy is frequently
combined with CSF. The usual dose of granulo-
cyte CSF (G-CSF) is 10 pg/kg daily if used alone
and 5 pg/kg when combined with chemotherapy.
This chemotherapy may be the patient’s standard
treatment or consist of a single high dose of cy-
clophosphamide (1-3g IV). In chemotherapy-
plus-CSF mobilization, peripheral blood stem cell
collection usually begins on day 11-14 after the
start of treatment, whereas in CSF priming alone
harvesting is initiated on day 4 or 5 of therapy. In
most instances, one to four apheresis sessions are
required to obtain at least 2x10° CD34+ cells/kg,
the adequate number of cells for transplantation.
In autologous collection from heavily pretreated
patients it is relatively frequent to observe a low
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number of circulating CD34+ cells during the mo-
bilization attempt. This circumstance is known as
mobilization failure.

Collection of cord blood stem cells consists of
canalization of the umbilical vein after delivery to
obtain, by gravidity and pressure on the placenta,
100-150 ml of blood. An adequate cord blood unit
for transplantation contains at least 5x10° total
CD34+ cells. The infused cell dose has to be at
least 1x10° CD34 cells/kg or 2x107 nucleated cells
(NC)/kg.

All cell products for transplantation have to be
bacteriologically and virologically tested. In autol-
ogous and in cord blood transplantation the cells
collected are cryopreserved and stored for future
use.

6.1.4.3
Conditioning Regimen

The conditioning or preparative regimen includes
chemotherapy, radiation or both. There are two
categories of conditioning: (1) high-dose condi-
tioning also known as myeloablative, and (2) re-
duced intensity conditioning or non-myeloabla-
tive.

High-dose conditioning has a powerful anti-
neoplastic effect but significant toxicity preclud-
ing its administration to elderly or debilitated
patients. This type of regimen leads to early full
engraftment of donor cells. Reduced intensity con-
ditioning has an immunosuppressive effect with
low anti-tumor activity (MARTINO et al. 2001).
This modality of preparative approach has im-
proved short-term toxicity in old and sick patients.
Engraftment of donor cells is progressive with
full replacement of recipient hematopoiesis and
lymphopoiesis (chimerism) being achieved after
several weeks or months (Fig. 6.1.3). In some cir-
cumstances, complete hematopoietic and immune
recovery from transplanted cells requires the infu-
sion of additional donor T-lymphocytes.

Cytotoxic drugs commonly administered in
conditioning regimens are alkylating agents such
as cyclophosphamide, busulphan or melphalan,
topoisomerase inhibitors, antimetabolites such
as cytarabine, nitrosoureas such as BCNU and
purine analogs such as fludarabine. Total body
irradiation is frequently added in high dose (8-
12 Gy) or as part of reduced-intensity conditioning
(2 Gy). Polyclonal [antithymocyte globulin (ATG)]

or monoclonal (Campath 1H) antibodies may also
be incorporated into the preparative regimen to
facilitate engraftment and decrease GVHD after
transplantation.

6.1.4.4
Stem Cell Infusion

A right atrial catheter has to be placed in the recipi-
ent of hematopoietic transplantation. The collected
cells are infused freshly, or after rapid thawing in
autologous or cord blood transplantation. Infusion
duration is variable, from minutes to more than 1 h,
depending on the volume to be administered. Vitals
have to be monitored every 10-15 min. The main
complications of cell infusion are chills, fluid over-
load and, infrequently, fat emboli in the lungs.

6.1.4.5
Graft-Versus-Host Disease Prophylaxis in
Allogeneic Transplantation

Allogeneic stem cell infusion without post-trans-
plant immunosuppression or T-cell depletion of the
graft is followed by hyperacute and lethal GVHD.
In T-cell replete transplantation, prophylaxis of this
complication has to be administered. This consists
of cyclosporine or tacrolimus together with metho-
trexate, prednisone, mycophenolate mofetil (MMF),
rapamycin or the combination of two of these drugs.
Adverse effects of cyclosporine and tacrolimus are
renal and central nervous system toxicities, hyper-
bilirubinemia and thrombotic microangiopathy.
Methotrexate prophylaxis is associated with muco-
sitis, delayed engraftment, and liver toxicity. Pred-
nisone facilitates the development of fungal and vi-
ral infections. Mycophenolate and rapamycin lead
to gastrointestinal secondary effects.

6.1.4.6
Post-Transplant Supportive Measures

Transplanted patients develop profound aplasia and
immunosuppression as a consequence of the con-
ditioning regimen. During the neutropenic period
it is recommended to keep the patients in isolated
rooms equipped with high-efficiency particulate
air (HEPA) filters. Diet has to be free of germ con-
tamination, and oral antibacterial, antifungal, and
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Donor

antiviral prophylaxis is administered. Red cell and
platelet transfusions are given until these cells are
produced by the graft. In some circumstances, CSF
are administered to accelerate hematological re-
covery. In patients with severe hypogammaglobu-
linemia the substitutive intravenous supply of im-
munoglobulins is recommended.

6.1.4.7
Hematopoietic and Immune Reconstitution
from Transplanted Cells

More than 0.5x10%/1 neutrophils are achieved at a me-
dian of 10-14 days after transplantation of peripheral
blood progenitor cells, 21-28 days after marrow infu-
sion, and 25-35 days when umbilical cord blood is the
hematopoietic source. A self-sustained platelet count
above 20x10°/1is usually reached 5 days to 3 weeks af-
ter neutrophil recovery. Full immune reconstitution
is slow and takes several months. CD4+ cell counts
are low after transplantation. B-cell production and
function are also impaired after the procedure. New
ontogeny of the immune system after allogeneic
transplantation requires vaccination against the most
common pathogens, once the ability to effectively
produce antibodies is restored.

As soon as hematopoietic cells appear in marrow
and in blood, their origin from the donor may be
demonstrated by several techniques. These include,

Mixed chimera

Fig. 6.1.3. Allogeneic
hematopoietic cell trans-
plantation (HCT) after
reduced intensity condi-
tioning (RIC). In the first
weeks after transplant
there is coexistence of
donor and recipient he-
matopoietic cells (mixed
chimerism). Spontane-
ously or after donor lym-
phocyte infusions (DLI)
full donor chimerism is
established

Full chimera

among others, studies of red cell antigens, sex dis-
parities, and molecular methods such as analysis of
the variable number of tandem repeats (VNTR). The
circumstance of donor hematopoiesis in the recipi-
ent is known as chimerism. This chimerism may be
full donor or mixed with the persistence of a variable
proportion of host cells. Chimerism is early and com-
plete when high-dose conditioning is administered.
In contrast, mixed chimerism for weeks or months
may be observed after reduced-intensity condition-
ing transplantation. Persistent mixed chimerism is
frequently associated with disease recurrence or graft
rejection. On the other hand, full donor chimerism is
usually a requisite for developing GVHD.

6.1.5
Transplant Complications

6.1.5.1
Graft Failure

Lack of engraftment (or primary graft failure) is
exceptional in transplantation after full-dose con-
ditioning for neoplastic diseases, provided that the
patients receive an adequate hematopoietic cell dose
of autologous origin or from an HLA-identical sib-
ling. Transplantation from unrelated donors, par-
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ticularly if there is some degree of HLA disparity,
and from umbilical cord blood increases the risk
of graft failure, as well as the administration of re-
duced-intensity conditioning. Graft failure is also
more frequent if the patient has preserved immune
integrity before the procedure, such as in aplastic
anemia or chronic myeloid leukemia without prior
intensive treatment. In the high-risk circumstances
mentioned, the frequency of this complication rang-
es between 5% and 20%.

Secondary graft failure, also known as poor graft
function, develops in patients with severe systemic
infections early post-transplant and in those with
CMYV replication after the procedure. Parvovirus
B19 is another pathogen that has to be investigated
in cases of secondary graft failure. Certain drugs
used after transplantation such as methotrexate, co-
trimoxazole, ganciclovir, amphotericin B, and my-
cophenolate mofetil are myelotoxic and may cause
or contribute to poor graft function.

6.1.5.2
Opportunistic Infections

A wide variety of infectious complications may de-
velop after transplantation (Fig. 6.1.4). During the
neutropenic period, fever appears in practically
all patients. The causative pathogens are usually
Gram positive cocci entering the body through the
intravenous catheter or as a consequence of severe
oral mucositis. Gram-negative sepsis may also oc-

- Neutropenia

cur with the more frequent entry route being the
gastrointestinal tract.

Bacterial, viral or fungal pneumonia is also rela-
tively common after transplantation. Computed
tomography of the thorax is useful for early detec-
tion of this complication and the radiologic findings
will be extensively reviewed in this book. In patients
with pulmonary infection, bacteria, fungi, commu-
nity viruses, CMV, and Pneumocystis carinii have to
be investigated by antigenemia or polymerase chain
reaction (PCR) in blood, nasopharyngeal cultures
and direct staining and cultures of bronchoalveolar
brushing and lavage. Transbronchial or transpa-
rietal lung biopsy may be necessary for an etiologic
diagnosis. If the pulmonary complication is not un-
der adequate control severe respiratory failure may
develop requiring mechanical ventilation.

Viral infections that occur after transplantation
arenotlimited to the lung. Herpes simplex infections
are frequent early after the procedure, manifesting
asoral vesicles or ulcerations. Less frequent is genital
involvement by herpes simple virus, hepatitis or en-
cephalitis. Herpes zoster and varicella reactivate in
most patients, particularly if aciclovir prophylaxis is
discontinued. Occasionally, severe cerebral arteritis
or pneumonia caused by this virus may occur. CMV
infection is frequent after transplantation and has
to be regularly monitored by antigenemia and/or
PCR for early treatment avoiding CMV disease. Ep-
stein Barr virus (EBV) infection and EBV-associated
lymphoproliferative disorders have also to be tested
on a regular basis, especially in transplants with “in
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- Immune deficiency
- Acute GVHD

v |
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vivo” or “ex vivo” T-cell depletion. Rituximab™, a
monoclonal antibody against cells expressing CD20
antigen, is an effective treatment of post-transplant
EBV-related disorders.

Aspergillus infection is frequent after transplan-
tation, despite galactomannan antigen monitoring
and antifungal prophylaxis. Prolonged neutropenia,
GVHD, and immunosuppressive treatment predis-
pose to this complication. Angioinvasive pulmonary
involvement is the most frequent clinical picture.
Bronchial aspergillosis and solitary lung lesions
are less common. If the disease does not respond to
treatment, widespread aspergillosis may occur with
cerebral disease. In the latter situation, mortality is
practically constant.

Other filamentous fungi and Candida sp. infec-
tion are much less frequent than aspergillosis, al-
though they have also to be taken into account in
the differential diagnosis of patients with suspected
fungal infection.

Occasional post-transplant infections include
toxoplasma or tuberculosis of the lungs and/or cen-
tral nervous system disease, and Pneumocystis cari-
nii pneumonia. These diseases respond well to treat-
ment and because of that early and precise diagnosis
is mandatory.

6.1.5.3
Graft-Versus-Host Disease

The recognition of several tissues of the recipient
by the immune-competent T-cells from the donor
causes GVHD. This phenomenon occurs in 50%-
90% of allogeneic transplants, being more frequent
in cases of HLA disparity, transplantation from un-
related donors, and in male recipients transplanted
from female donors. There are two forms of GVHD
with a different clinical picture. The acute form de-
velops before day 100 after transplant and involves
skin, liver, and gastrointestinal tract. Patients have
erythema, papulae (Fig.6.1.5a) or epidermolysis
(Fig. 6.1.5b), hepatitis and/or cholestasis, vomiting
and diarrhea. Chronic GVHD is diagnosed when
present after day 100. This complication manifests
as lichenoid, sclerodermiform or hypopigmented
skin lesions, mucosal and ocular involvement (Sic-
ca syndrome), restrictive or obstructive (obliterans
bronchiolitis) lung disease, chronic hepatitis and/or
cholestasis, and less frequently muscular or fasciae
inflammation. The treatment of GVHD consists
of immunosuppressive and immunomodulatory

- . F

Fig.6.1.5a,b. Acute graft-versus-host disease of the skin
with a papulae and b epidermolysis

drugs such as steroids, cyclosporine or tacrolimus,
mycophenolate mofetil, thalidomide, rapamycin,
and polyclonal or monoclonal anti T-cell antibod-
ies. The overall complete response rate to treatment
for GVHD is higher than 50%. In contrast, patients
who do not respond or have a relapse have poor
outcome in terms of long-term survival. In patients
transplanted for malignancies, the best scenario is
to develop moderate and sustained GVHD which
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responds to treatment. This circumstance is asso-
ciated with decreased recurrence of the neoplastic
disease due to the powerful graft-versus-tumor ef-
fect (MARTINO et al. 2002).

6.1.5.4
Other Complications

Liver veno occlusive disease, recently defined as si-
nusoid obstruction syndrome (SOS), may develop
in the first 40 days after transplantation as a conse-
quence of a high-dose conditioning regimen. Prior
liver disease predisposes to this complication which
manifests as cholestasis and fluid retention second-
ary to portal hypertension and renal dysfunction.
Current treatment of SOS consists of fluid restric-
tion, diuretics, and defibrotide. Although transient-
ly severe, the evolution is favorable in most cases.
Renal insufficiency, usually reversible, is com-
mon after the procedure and commonly related to
the use of nephrotoxic drugs such as ciclosporin,
tacrolimus, vancomycin or amphotericin B. In a
minority of instances dialysis may be required. Mi-
croangiopathic hemolysis and thrombocytopenia
secondary to ciclosporin or tacrolimus may further

impair renal function. Hemorrhagic cystitis is also a
possible complication of the transplant and is related
to the use of high-dose cyclophosphamide, bacterial
or viral infection (adenovirus) or mucosal GVHD.
Infertility is almost inevitable after transplantation,
unless a reduced-intensity conditioning regimen is
administered.

With the improvement of long-term results of
hematopoietic transplantation, late complications
of the procedure are becoming evident. Cataracts,
hypothyroidism, growth retardation, impaired hair
growth, sexual dysfunction, and depression among
other disorders have to be carefully evaluated and
treated. However, more than 80% of transplant sur-
vivors are asymptomatic and able to carry on with a
normal life.

6.1.6
Results

The results of hematopoietic transplantation depend
mainly on age, disease stage, and type of procedure
(CoPELAN 2006). The results are best in young pa-

Table 6.1.1. Results according to type of hematopoietic transplantation and disease-stage
(modified from reference Copelan 2006). (CP, Chronic phase; NHL, non-Hodgkin’s lymphoma)

5-Year event-
free survival

100-Day mortality  5-Year relapse

Autologous

Diffuse large-cell NHL
1st CT-sensitive relapse
2nd CT-sensitive relapse

Refractory

3-5 45-52 45-50
5-8 47-65 30-35
10-20 70-85 5-10

Acute myeloid leukemia
1st complete remission
2nd complete remission

Refractory

Allogeneic

7-10 25-38 55-65
10-20 40-60 30-40
30-40 40-55 15-20

Chronic myeloid leukemia

CP<1 year after diagnosis
CP>1 year after diagnosis
Accelerated

Blastic

5-10 10-25 70-80
10-15 25-40 50-60
15-20 45-55 30-35
35-45 40-60 5-15
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tients with early disease transplanted from HLA-
identical siblings. The use of adult unrelated donors
has an approximately 15% higher procedure-related
mortality and decreased survival as compared to
HLA-identical sibling transplants. An additional
10% mortality should be generally predicted if the
stem cell source is umbilical cord blood. Autograft-
ing has a lower procedure-related mortality but a
higher relapse rate than allogeneic transplantation.
The same phenomenon is observed after reduced-in-
tensity conditioning compared to conventional allo-
geneic transplant, a lower mortality but more recur-
rences. The main results obtained in the different
disease categories are summarized in Table 6.1.1.

6.1.7
Future Developments

Hematopoietic transplantation is a field of active
research. New methods are being developed to re-
fine the transplantation technique to make it safer
and more effective. Conditioning regimens targeted
to neoplastic and/or immune cells and to preserve
extrahematological tissues are under investigation.
Antigen or molecularly targeted treatment may also
be useful for eradicating minimal residual disease
after the procedure (RAvANDI et al. 2004). Improved
knowledge of the mechanism of GVHD and the graft-
versus-tumor effect may allow them to be separated,
to achieve control over the neoplasia without un-
desirable toxicity. Progress in the field of immune
tolerance may allow the surpassing of HLA barriers
in some donor-recipient pairs, and the safe perfor-
mance of HLA-haploidentical transplants. Finally,
the selective use of hematopoietic and mesenchy-
mal cell subsets may improve engraftment and allow
further exploitation of these cells for tissue repair or
as a form of immune modulation and therapy (X1a
et al. 2004; LAzARUS et al. 2005).
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6.2.1
Introduction

The term “hematopoietic stem cell transplantation”
has supplanted the previously employed term “bone
marrow transplantation” to reflect the broader range
of donor stem cell sources that are now available: bone
marrow, fetal cord blood, and growth-factor-stimu-
lated peripheral blood (KoTLOFF et al. 2004). Hemato-
poietic stem cell (HSC) transplantation is being used
with increasing frequency for the treatment of leuke-
mia, aplastic anemia, myeloma, and some forms of
lymphoma and solid tumors. It is estimated that more
than 50,000 marrow and HSC transplantations are per-
formed annually worldwide (TABBARA et al. 2002).

Although HSC transplantation is a well-estab-
lished procedure, thoracic complications are com-
mon (WINER-MURAM et al. 1996; YEN et al. 2004)
and occur in a significant number of patients after
marrow transplantation (KRowka et al. 1985; CHAN
et al. 1990; SOUBANTI et al. 1996; WORTHY et al. 1997;
KoTLOFF et al. 2004).

Pulmonary complications are a common cause of
morbidity and mortality after HSC transplantation oc-
curring in 40%-60% of recipients and accounting for
more than 90% of mortality (YEN et al. 2004). The spec-
trum of pulmonary complications has been influenced
by changes in transplantation technique, prophylactic
treatment for infections, and the use of new chemo-
therapeutic drugs that contribute to lung injury. Allo-
geneic recipients develop pulmonary complications at
a much higher frequency than those receiving autolo-
gous HSC transplant (TABBARA et al. 2002).

Marrow grafting is preceded by intense immu-
nosuppressive treatment to prevent rejection of the
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transplanted marrow. Preparative regimens cause a
spectrum of pulmonary acute toxicities and compli-
cations that may be either infectious and related to
the degree of ongoing immunosuppression, or non-
infectious and related to previous chemotherapy,
degree of immunosuppression, and, in allogeneic
transplants, the presence of graft-versus-host dis-
ease (GVHD) (CHAN et al. 1990).

Pneumonia remains a common life-threatening
complication in HSC recipients occurring as a di-
rect result of transplantation-induced immune sup-
pression (ARONCHICK 2000). Non-infectious com-
plications include pulmonary edema, engraftment
syndrome, alveolar hemorrhage, drug-induced lung
injury, idiopathic pneumonia, obliterative bronchi-
olitis, cryptogenic organizing pneumonia, pulmo-
nary veno-occlusive disease, and post-transplant
lymphoproliferative disorder (Aram and CHAN
1996; SOUBANI et al. 1996; WORTHY et al. 1997). As
the number of survivors increases, several late ef-
fects of treatment are becoming evident. Sarcoidosis
has been sporadically reported as a rare complica-
tion following either autologous or allogeneic HSC
transplantation (BHAGAT et al. 2004). In these pa-
tients the prevalence of sarcoidosis may be tenfold
higher than that of the normal population (BHAGAT
et al. 2004).

In this chapter, imaging features of various infec-
tious and non-infectious pulmonary complications
following HSC transplantation are discussed and il-
lustrated.

6.2.2
Clinical Considerations

Specific pulmonary complications tend to occur dur-
ing identifiable phases that correspond with the state
of immune reconstitution after the marrow trans-
plant. It is useful to divide the post-transplant period
into three phases: (1) neutropenic phase (the first
30 days); (2) early phase (days 31-100); and (3) late
phase (more than 100 days after the transplant). Al-
though this division is clinically useful, overlap oc-
curs in the timing of specific complications (CHAN et
al. 1990; SOUBANT et al. 1996; WORTHY et al. 1997).

Signs and symptoms of pulmonary disorders re-
lated to HSC transplantation are often non-specific
and rapid and accurate diagnosis is essential in these
life-threatening disorders.

6.2.3
Integrating Clinical Factors, Imaging
Findings, and Other Diagnostic Procedures

Although imaging has a limited role before HSC
transplantation, it is important after transplanta-
tion when it may support the clinical diagnosis of
a variety of complications. It may also be used to
monitor the effect of therapy and to detect recur-
rence of the underlying disease if the transplant is
unsuccessful (Evans et al. 2003). The most useful
imaging modalities available for the evaluation of
the patient with known or suspected post-transplant
pulmonary complications are chest radiography and
computed tomography (WaH et al. 2003).

Combining clinical factors, including the type
of transplant and the point of time during the post-
transplantation course, with characteristic imag-
ing features yields the most specific and accurate
differential diagnosis for radiologic findings in
these patients (NUSAIR et al. 2004; Coy et al. 2005;
FRANQUET et al. 2005a). In the absence of clinical in-
formation, radiologists cannot reliably distinguish
between pneumonia and other non-infectious pul-
monary processes.

Diffuse parenchymal infiltrates are common ra-
diographic findings in HSC transplant recipients. In
the neutropenic phase, <30 days after transplanta-
tion, infectious causes of pulmonary infiltrates have
been documented in fewer than 20% of recipients
who underwent open lung biopsy (CRAWEORD et al.
1988). In this phase, pulmonary edema secondary
to cardiac decompensation, intravascular volume
excess, acute respiratory distress syndrome, or pul-
monary capillary leak is the major reason for dif-
fuse parenchymal infiltrates. However, between 30
and 180 days after transplantation, infections are
the commonest cause of diffuse parenchymal ab-
normalities (CRAWFORD et al. 1988; CUNNINGHAM
1992). Pulmonary edema and the idiopathic pulmo-
nary syndrome (IPS) are the most common condi-
tions to be distinguished from bronchopneumo-
nia when a generalized pulmonary abnormality
is radiographically demonstrated (CARDOZO and
HAGENBEEK 1985; CRAWFORD 1999).

Focal parenchymal infiltrates are frequently due
to infection regardless of the time of presentation
after transplant; however, distinction of localized
pneumonia from other pulmonary processes can-
not be made with certainty on radiologic grounds
(JANZEN et al. 1993). Unfortunately, the clinical data
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and imaging findings often fail to lead to a defini-
tive diagnosis of pneumonia because an extensive
number of non-infectious processes associated with
febrile pneumonitis - i.e., drug-induced pulmonary
disease, IPS, and organizing pneumonia - mimic
pulmonary infection (JANZEN et al. 1993). Localized
pulmonary disease of a lobar or segmental distribu-
tion can also be produced by pulmonary edema and
hemorrhage.

6.2.3.1
Conventional Chest Radiography

A posteroanterior (PA) (and lateral when possible)
chest radiograph is the primary imaging modal-
ity used in the initial evaluation and follow-up of
HSC transplant recipients with fever. Other roles for
chest radiography are an enhanced ability to assess
the extent of disease, to detect complications (i.e.,
cavitation, abscess formation, pneumothorax, pleu-
ral effusion), and to detect additional or alternative
diagnoses and sometimes to guide invasive diagnos-
tic procedures. The non-specificity of radiographic
findings as well as the wide range of potential causes
often lead to frustration when evaluating the imag-
ing findings of a patient with a suspected thoracic
complication.

6.2.3.2
Computed Tomography

Although CT is not recommended for the initial
evaluation of patients with pneumonia, it is useful
in the detection, differential diagnosis, and manage-
ment of the HSC transplanted recipient with acute
pulmonary disease when chest radiographs show
non-specific abnormal findings or when the radio-
graphic findings are normal with clinical findings of
pulmonary disease (WORTHY et al. 1997; TANAKA et
al. 2002; FRANQUET et al. 2005a).

There is a large literature indicating that CT is a
sensitive method capable of imaging the lung with
excellent spatial resolution providing anatomical
detail similar to that seen by gross pathological
examination. Differences in tissue attenuation and
parenchymal changes caused by an acute inflam-
matory process can be seen readily by CT. Unlike
chest radiography, CT provides cross-sectional im-
ages and the pattern and distribution of pulmonary
processes are therefore much more readily appreci-

ated than on conventional examinations. The find-
ings of air-space disease, air-space (acinar) nodules,
ground-glass opacities, consolidation, air broncho-
grams, and centrilobular or perilobular distribution
are seen better by CT than by conventional radiog-
raphy. Air-space nodules represent the size of the
acinus (6-10 mm) and are centrilobular in distribu-
tion. They are best appreciated in early disease and
best seen at the edge of the pathologic process where
consolidation is incomplete.

6.2.3.3
Non-Invasive and Bronchoscopic Diagnostic
Procedures

The clinical and radiographic presentation of pul-
monary disease in HSC transplant recipients often
fails to allow the specific identification of a causative
pathogen or to permit the distinction between infec-
tious and non-infectious processes (ETTINGER 1993;
STAROBIN et al. 2003).

Non-invasive and bronchoscopic procedures
have been shown to be safe and useful techniques for
evaluating pulmonary infiltrates in immunocom-
promised patients. Fiber-optic bronchial aspirates
(FBAS) and broncho-alveolar lavage (BAL) are the
procedures of choice for evaluating pulmonary infil-
trates in HSC transplant recipients and they have the
highest diagnostic yield and impact on therapeutic
decisions (YOoUNG et al. 1984; SPRINGMEYER et al.
1986; HEURLIN et al. 1991; SOUBANI et al. 2001). BAL
has proved valuable even in patients who have severe
thrombocytopenia (STOVER et al. 1984; HUARINGA
etal. 2000). Negative results do not exclude angioin-
vasive fungal infections, such as aspergillosis.

6.2.3.4
Invasive Diagnostic Procedures

Diagnostic information may also be obtained by
transbronchial or percutaneous needle aspiration.
Transbronchial biopsy may be unsafe to perform in
severely thrombocytopenic patients.

Despite its reported results in the diagnosis of
pulmonary infection being variable (11.7%-73%),
percutaneous fine needle aspiration is an alterna-
tive method used to identify causative pathogens
in selected patients with pneumonia (JANTUNEN et
al. 2002). Transthoracic needle aspiration should be
considered for patients who have not responded to
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initial therapy, who may have nosocomial superin-
fection, who are immunocompromised, or in whom
TB is suspected but has not been confirmed by ex-
amination of the sputum or gastric lavage. It is not
clear whether use of transthoracic needle aspiration
results in a reduction in mortality and morbidity in
a cost-effective fashion, compared to a less invasive
approach.

6.2.3.5
Open Lung Biopsy

Surgical lung biopsy (SLB), by way of either thora-
cotomy or video-assisted thoracoscopy, may be di-
agnostic (CRAWFORD et al. 1988; SNYDER et al. 1990).
SLB provides a specific diagnosis in the majority
of patients with hematologic malignancy or HSC
transplant recipients and unexplained pulmonary
infiltrates (WoNG et al. 2002; Z1HLIF et al. 2005).
Even in severely immunosuppressed patients, the
morbidity and mortality that are associated with
this technique seem to be acceptable, especially
when the biopsy is performed thoracoscopically
(RovIARo et al. 2002).

6.2.4
Infectious Complications

Although the incidence of pulmonary infection
after HSC transplantation has declined, pneumo-
nia remains a common life-threatening complica-
tion in these patients and occurs as a direct result
of transplantation-induced immune suppression
(CRAWFORD et al. 1988; CHor and LEUNG 1999). Dur-
ing the initial post-transplant period, patients are
profoundly neutropenic (absolute neutrophil count
<500 cells/ul) and the majority of microbiologically
documented pneumonias are caused by fungi or
bacteria (CUNNINGHAM 1992). If neutropenia is pro-
longed beyond 2 weeks, Aspergillus spp. as well as
other opportunistic moulds may cause life-threat-
ening infections (KAISER et al. 1998; FUKuUDA et al.
2004). While fungi are the most common cause of
pulmonary infection in the early pre-engraftment
phase, viruses most commonly occur in the post-
engraftment phase (KAPOOR et al. 1989; GIACCHINO
et al. 1993). Conversely, in the late post-engraftment
phase, from day 100 until the patient regains normal

immunity usually 1-2 years later, there is no pre-
dominant pathogen and the majority of infections
are usually bacterial (PAULIN et al. 1987; KOTLOFF
et al. 2004).

6.2.4.1
Bacterial Infection

Bacterial infections are responsible for approxi-
mately 90% of infections during the early phase of
neutropenia and are not lethal as often as are viral
and fungal infections (MASCHMEYER 2001). The list
of pathogens that can cause bacterial pneumonia in
HSC transplant recipients is extensive, but a nar-
row spectrum accounts for most cases. During the
first few days after transplantation, the organisms
involved are aerobic bacteria found in the bowels
(Escherichia coli, Klebsiella, Pseudomonas) and those
found on the skin or intravenous catheters (Staphy-
lococcus aureus, coagulase-negative staphylococci);
other causative organisms are Legionella, Haemoph-
ilus influenza, Viridans streptococci, Enterobacter,
and Nocardia (VILLABLANCA et al. 1990; KuMAR and
JIMENEZ 2001; LIN et al. 2004). Viridans streptococcal
shock syndrome may occur early in the transplan-
tation course (6 or 7 days post-transplantation) in
patients with severe neutropenia and viridans strep-
tococcal bacteremia (MARTINO et al. 1995).

Clinical symptoms of bacterial infection include
fever, cough, and progressive dyspnea that is present
in more than 90% of patients. Although the pulmo-
nary examination may reveal rhonchi and crackles,
the examination may be normal in 50% of patients.

The radiographic findings in bacterial infections
are non-specific. Plain radiographs most commonly
show focal alveolar infiltrates, but may be normal
in 30% of patients, most likely because of the rou-
tine use of broad-spectrum antibiotics for febrile
patients (MASCHMEYER 2001). On high-resolution
CT, a focal air-space consolidation, which typically
presents in either a segmental or lobar distribution,
is frequently identified. Differentiation from atypi-
cal patterns of opportunistic infections is often im-
possible on the basis of radiographic findings. Con-
versely, atypical patterns, including bilateral diffuse
opacities, are not uncommon manifestations of bac-
terial pneumonia.

Pyogenic airways disease, including infectious
bronchitis and bronchiolitis, are increasingly seen
in HSC transplant recipients. Histologically, they
are characterized by an active cellular bronchiolitis
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with mononuclear cell inflammation of the respira-
tory bronchioles and the presence of an inflamma-
tory exudate and mucus in the bronchiolar lumen
(AqQuino etal. 1996). Bronchogenic dissemination of
pyogenic bacteria can result in dilatation and thick-
ening of bronchiolar walls. Chest radiography may
have normal or non-specific findings consisting of
heterogeneous ill-defined opacities, especially vis-
ible in the lower lung regions. Other common radio-
graphic findings are peribronchial thickening occa-
sionally observed as “tram tracking”.

Associated airway abnormalities can also be de-
picted by CT. Characteristic CT findings include:
(1) small ill-defined centrilobular densities rep-
resenting bronchioles impacted with inflamma-
tory material and peribronchiolar inflammation

Fig.6.2.1a,b. A 48-year-old man with Pseudomonas aeru-
ginosa pneumonia after allogeneic hematopoietic stem cell
transplantation. a Close-up view of an anteroposterior chest
radiograph shows an ill-defined opacity in the right upper
lobe. b Corresponding HRCT scan at the same level shows
multiple branching linear opacities and some areas of lobu-
lar consolidation

(“tree-in-bud”), (2) branching linear opacities cor-
responding to inflammatory cells in the walls of the
airways, and (3) focal areas of consolidation due to
bronchopneumonia (Fig. 6.2.1) (AQuiNo et al. 1996).
Although these findings are reversible in the major-
ity of cases, recurrent and persistent infections may
lead to bronchiolectasis.

6.2.4.1.1
Mycobacterial Infection

Infection with Mycobacterium tuberculosis and a
variety of non-tuberculous mycobacteria has been
observed in HSC transplant recipients (NAVARI et al.
1983; MOHITE et al. 2001). Mycobacterium tubercu-
losis infection can occur after HSC transplantation,
but the incidence in the reported series is lower than
that of other infections (Roy and WEISDORF 1997;
ALJURF et al. 1999; MoHITE et al. 2001). Overall,
the incidence of tuberculosis has bee reported to
be between 0.19% and 5.5% of cases (MARTINO et
al. 1996; Roy and WEISDORF 1997). Reports of non-
tuberculous mycobacterial disease in both HSC and
solid organ transplant recipients have also increased
(OzxAYNAK et al. 1990; BuscH et al. 1991; DOUCETTE
and FISHMAN 2004).

6.2.4.2
Fungal Infections

A major infectious cause of death in HSC transplant
recipients is invasive fungal infection (ALLAN et al.
1988; BoDEY and VARTIVARIAN 1989; BaG 2003).
Beyond the first week after transplantation, fun-
gal infections become increasingly common, being
identified as a cause of pneumonia in 12%-50% of
patients (CONNOLLY et al. 1999). With increased use
of prophylactic fluconazole, infections with resistant
fungi have become more common. Other less com-
mon pulmonary mycoses (e.g., Penicillium purpu-
rogenum, Acremonium strictum and Scedosporium
apiospermumy) have been also observed.

6.2.4.2.1
Pneumocystis Jiroveci
(Formerly Pneumocystis Carinii)

The disease known as Pneumocystis pneumonia
(PCP) is a major cause of illness and death in per-
sons with impaired immune systems. Pneumocystis
organisms from different host species have very dif-
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ferent DNA sequences, indicating multiple species.
In recognition of its genetic and functional distinct-
ness, the organism that causes human Prneumocys-
tis carinii pneumonia is now named Pneumocystis
jiroveci (STRINGER et al. 2002).

Pneumocystis jiroveci has been reported to be a
rare cause of pulmonary infection in HSC trans-
plant recipients (SarTo et al. 2001; CHEN et al. 2003;
REsNICK et al. 2005). The manifestations of disease
depend on the severity of infection. Clinical symp-
toms of PCP include non-productive cough, short-
ness of breath, and hypoxia on room air.

Abnormal chest radiographs have been reported
in up to 90% of patients with suspected PCP showing
the typical findings of diffuse bilateral interstitial
infiltrates most marked in a perihilar distribution
(SouBANT et al. 1996; WORTHY et al. 1997; RESNICK
etal. 2005). As the disease progresses, alveolar infil-
trates may also develop. The widespread use of Pneu-
mocystis prophylaxis has led to a larger proportion
of patients that present with normal radiographs.
However, normal radiographs do not exclude the di-
agnosis (BOISELLE et al. 1997).

Computed tomography is the imaging modality of
choice to evaluate those symptomatic patients with a
clinical suspicion of PCP but with an otherwise nor-
mal or equivocal chest radiograph. Characteristic
CT features are perihilar ground-glass opacity, often
in a patchy or geographical distribution, with areas
of affected lung interspersed by normal lung paren-
chyma (Fig. 6.2.2). In addition to the ground-glass
pattern, there is often associated thickening of the
interlobular septa giving a “crazy paving” appear-
ance. Other less common radiographic patterns of
PCP are parenchymal consolidation, mass lesions,

Fig.6.2.2. A 36-year-old female patient with Pneumocystis
pneumonia (PCP) after allogeneic hematopoietic stem cell
transplantation. HRCT scan at the level of the lower lobes
demonstrates diffuse bilateral patchy areas of ground-glass
attenuation

multiple pulmonary nodules, pleural effusion, and
lymph node enlargement (BOISELLE et al. 1999).

6.2.4.2.2
Aspergillosis

Aspergillus are ubiquitous organisms that are part of
the normal environmental flora and abound in the
soil around us (DENNING 2000, 2001). Aspergillosis
is a mycotic disease caused by Aspergillus species,
usually A. fumigatus. Other pathogenic species in-
clude A. flavus, A. niger, and A. terreus. Aspergillus
infections can result in a variety of clinical, radio-
logic, and histologic manifestations (AQuino et al.
1994; GoTway et al. 2002). Although all humans
beings are commonly exposed to these organisms,
the type and severity of pulmonary involvement
are influenced by the patient’s immunologic status
and the presence of pre-existing lung disease. Dis-
seminated and invasive forms most often occur in
immunologically compromised hosts representing
a common cause of life-threatening opportunistic
infection in neutropenic patients (ALLAN et al. 1988;
ALANGADEN et al. 2002; BaG 2003).

The definitive diagnosis of invasive pulmonary
aspergillosis is traditionally based on the histologic
evidence of tissue invasion by branched septate hy-
phae. In recent years it has been shown that Asper-
gillus infection can result in a broad range of airway
complications (GOTWAY et al. 2002; FRANQUET et al.
2004).

6.2.4.2.2.1
Angioinvasive Aspergillosis

Angioinvasive aspergillosis is commonly seen in
immunocompromised patients with severe neutro-
penia (DENNING 2000; Fuxupa et al. 2004). There
has been a substantial increase in the number of
patients at risk of developing invasive aspergillo-
sis for many reasons, including the development
of new intensive chemotherapy regimens for solid
tumors, difficult-to-treat lymphoma, myeloma, and
resistant leukemia as well as an increase in the num-
ber of solid organ transplantations and increased
use of immunosuppressive regimens for other au-
toimmune diseases. Angioinvasive aspergillosis is
the most common fungal pulmonary infection in
severe neutropenic patients. It is much more com-
mon in allogeneic than in autologous HCT recipients
and in patients with acute leukemia (DENNING 2000;
FukuDA et al. 2004).
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The diagnosis of angioinvasive aspergillosis is
based on clinical, radiological,and mycological data.
Although a febrile neutropenic patient with pulmo-
nary infiltrates should be evaluated for aspergillosis,
a conclusive diagnosis of angioinvasive aspergillosis
is seldom straightforward and remains a significant
clinical problem. Disseminated aspergillosis occurs
in up to 60% of patients with invasive pulmonary
aspergillosis; sites of involvement include the brain,
kidney, liver, thyroid, heart, and spleen.

The consensus criteria for angioinvasive asper-
gillosis developed by the European Organization for
Research and Treatment of Cancer/Mycoses Study
Group (EORTC/MSG) were intended to provide uni-
form criteria for inclusion and evaluation of onco-
hematologic patients with suspected angioinvasive
aspergillosis enrolled in clinical trials (Asc1oGLU et
al. 2002).

Newer techniques, such as polymerase chain re-
action and the galactomannan test, may change the
current diagnostic approach. Galactomannan and
nucleic acid detection in serum or in bronchoalveo-
lar lavage (BAL) fluid are useful for the early iden-
tification of invasive aspergillosis in the immuno-
compromised host; however, a definite diagnosis of
invasive aspergillosis still requires the demonstra-
tion of the fungus in tissue specimens (MAERTENS et
al. 2001). The value of early diagnostic criteria such
as the galactomannan test needs to be proven in pro-
spective trials.

Angioinvasive aspergillosis is characterized his-
tologically by invasion and the occlusion of small to
medium pulmonary arteries by fungal hyphae. This
leads to the formation of necrotic hemorrhagic nod-
ules or pleural-based wedge-shaped hemorrhagic
infarcts. The clinical diagnosis is difficult, and the
mortality rate is approximately 85%. The charac-
teristic CT findings consist of nodules surrounded
by a halo of ground-glass attenuation (halo sign)
or pleural-based wedge-shaped areas of consolida-
tion (Fig. 6.2.3) (KUHLMAN et al. 1985). These find-
ings correspond to hemorrhagic infarcts. In severely
neutropenic patients the halo sign is highly sugges-
tive of angioinvasive aspergillosis (KUHLMAN et al.
1985, 1987, 1988).

However,asimilarappearance hasbeen described
in a number of other conditions including infection
by Mucorales, Candida, Herpes simplex and cyto-
megalovirus, Wegener’s granulomatosis, Kaposi’s
sarcoma and hemorrhagic metastases (PRIMACK et
al. 1994). Separation of fragments of necrotic lung
(pulmonary sequestra) from adjacent parenchyma

Fig.6.2.3. Halo sign due to angioinvasive aspergillosis in a
47-year-old woman after allogeneic hematopoietic stem cell
transplantation. Close-up view of a HRCT scan at the right
lower lobe shows a peripheral nodular opacity with a sur-
rounding halo of ground-glass attenuation. These findings
correspond to a nodular area of infarction surrounded by
hemorrhage

results in air-crescents similar to those seen in my-
cetomas. The air-crescent sign in angioinvasive as-
pergillosis is usually seen during convalescence, i.e.,
2-3 weeks after onset of treatment and concomitant
with resolution of the neutropenia (FRANQUET et al.
2001; GoTwAY et al. 2002).

6.2.4.2.2.2
Airway Invasive Aspergillosis

Aspergillus bronchopneumonia, also known as
airway invasive aspergillosis, occurs in up of 10%
of cases of invasive pulmonary aspergillosis. It is
characterized histologically by the presence of As-
pergillus organisms deep to the airway basement
membrane (FRANQUET et al. 2004). Airway invasive
aspergillosis occurs most commonly in immuno-
compromised neutropenic patients and in patients
with acquired immunodeficiency syndrome (AIDS)
(FRANQUET et al. 2002). Clinical manifestations in-
clude acute tracheobronchitis, bronchiolitis, and
bronchopneumonia. Patients with acute tracheo-
bronchitis usually have normal radiologic findings.
Occasionally tracheal or bronchial wall thicken-
ing may be seen. Bronchiolitis is characterized on
high-resolution CT by the presence of centrilobular
nodules and branching linear or nodular opacities
giving an appearance resembling a “tree-in-bud”.
The centrilobular nodules have a patchy distribu-
tion in the lung. Aspergillus bronchopneumonia
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results in predominantly peribronchial areas of
consolidation. Rarely, the consolidation may have
a lobar distribution.

Centrilobular nodular opacities similar to those
seen in Aspergillus bronchiolitis have been de-
scribed in a number of conditions, including en-
dobronchial spread of pulmonary tuberculosis, M.
avium-intracellulare, viral and mycoplasma pneu-
monia (AQUINO et al. 1996). The radiologic mani-
festations of Aspergillus bronchopneumonia are
indistinguishable from those of bronchopneumo-
nias caused by other microorganisms (AQUINO et al.
1996; FRANQUET et al. 2004).

A similar appearance has been described in
bronchocentric mycosis. Although this process is
histologically somewhat similar to bronchocentric
granulomatosis, a high index of suspicion of infec-
tion needs to be maintained when this pathologic
process is identified in a transplant host (TAZELAAR
et al. 1989).

6.2.4.2.3
Mucormycosis

The Mucor species are ubiquitous , saprophytic
molds, usually found in soil and in decaying food.
Infection occurs by either inhalation of airborne
fungal spores or through hematogenous spread
from a distant focus. The spectrum of disease in-
cludes rhinocerebral and pulmonary, gastrointes-
tinal, cutaneous, and disseminated manifestations
(CoNNOLLY et al. 1999; MAERTENS et al. 1999).

The most common associated conditions include
diabetes mellitus, solid organ transplantation, renal
failure, chemotherapy, and hematologic malignant
neoplasms (GAZIEV et al. 1996). Lung involvement
occurs in more than 30% of cases. Radiographic
manifestations are non-specific and include consoli-
dation, cavitation or abscess formation, nodules and
masses. Lesions are most often unifocal affecting
more frequently the upper lobes. As occur in other
angioinvasive fungal infections such as aspergillo-
sis and candidiasis, the “air-crescent” sign and the
“halo” sign may also be seen in patients with mu-
cormycosis (MCADAMS et al. 1997; CONNOLLY et al.
1999).

6.2.4.2.4
Cryptococcal Pneumonia

Cryptococcusneoformansisanencapsulatednon-my-
celial, budding yeast found worldwide, particularly

in soil contaminated by bird droppings (CAMERON
et al. 1991). Cryptococcus is a common pulmonary
fungal pathogen in the AIDS population usually
when the CD4 count is below 100 cells/mm? (SIDER
and WESTCOTT 1994). Although the central nervous
system is the most commonly affected organ, the
lungs are also involved (VILCHEZ et al. 2001). In a
series of 31 HIV-infected patients with cryptococ-
cal infection, 12 (39%) had cryptococcal pneumonia
(S1pER and WESTCOTT 1994). Presenting symptoms
are non-specific and include fever, cough, dyspnea,
sputum production, and pleuritic chest pain. The
most common radiographic findings consist of
a reticular or reticulonodular interstitial pattern.
Less common manifestations include ground-glass
attenuation, air-space consolidation, “tree-in-bud”
opacities, and miliary nodules (Fig. 6.2.4) (KHOURY
etal. 1984). The CT pattern in immunocompromised
non-AIDS patients seems to differ from that in AIDS

Fig.6.2.4a,b. A 39-year-old woman with acute myelocytic
leukemia and miliary cryptoccocosis. a Close-up view of an
anteroposterior radiograph shows a diffuse miliary pattern.
b Corresponding HRCT scan confirms numerous small mili-
ary nodules in a random distribution
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patients by the presence of nodules and the absence
of reticular or reticulonodular interstitial infiltrates
(Z1NcK et al. 2002).

6.2.4.2.5
Histoplasmosis

Histoplasma capsulatum is a pathogenic dimorphic
yeast found in temperate regions throughout the
world. Histoplasmosis is rare in Europe and occurs
in endemic areas in North America such as the Ohio-
Mississippi and St Lawrence River valleys (CONCEs
et al. 1993; McApAMsS et al. 1995). Histoplasmosis is
rare, but often alife-threatening infection in patients
with AIDS and hematologic malignancies. Most
cases of disseminated histoplasmosis occur either
as a result of new infection after an environmental
exposure or as a result of reactivation of a remote
infection (CoNCESs et al. 1993; KAUFFMAN 2002). The
radiographic findings of disseminated histoplasmo-
sis are varied and non-specific; approximately 40%
of patients with pulmonary disseminated histoplas-
mosis have a normal chest radiograph (CoNCEs et al.
1993). CT can be helpful in the assessment of patients
who have symptoms of pulmonary disease and nor-
mal or non-specific radiographic findings. The most
common radiographic findings are diffuse nodular
opacities 3 mm or less in diameter, nodules greater
than 3 mm in diameter, small linear opacities, and
focal or patchy areas of consolidation (MCADAMS
et al. 1995).

6.2.4.2.6
Candidiasis

Pulmonary candidiasis is a relatively uncommon
complication seen in immunocompromised patients
and is rarely reported in patients without predis-
posing conditions. Candida sp. have been increas-
ingly recognized as an important source of fungal
pneumonia in patients with hematologic malignan-
cies (acute leukemia and lymphoma) and allogeneic
bone marrow transplant recipients (BUFF et al. 1982;
ALLAN et al. 1988; CONNOLLY et al. 1999; FRANQUET
et al. 2005b, 2005c). Factors that predispose bone
marrow transplant recipients to Candida infec-
tions include allogeneic bone marrow transplanta-
tion, increased age, and a prolonged neutropenia
(VERFAILLIE et al. 1991). A definitive diagnosis of
pulmonary candidiasis requires demonstration of
the organism in tissue. Pathologically, areas of con-
solidation represent areas of bronchopneumonia,

intra-alveolar hemorrhage, exudates, and hyaline
membranes. Chest radiographic and CT abnormali-
ties consist of multifocal patchy areas of consoli-
dation, focal cavitation, and multiple pulmonary
nodules (FRANQUET et al. 2005b).

6.2.4.3
Viral Infection

Viruses have been increasingly recognized as im-
portant causes of serious respiratory illnesses in
HSC transplant recipients. Most respiratory viral
infections produce acute symptoms such as fever,
non-productive cough, dyspnea, and hypoxemia.
These infections may result from reactivation of a
latent process or reflect newly acquired infection.

6.2.4.3.1
Community Respiratory Viruses

Communityrespiratoryviruses particularly respira-
tory syncytial virus (RSV), influenza, parainfluenza,
and adenovirus have been recognized as potential
causes of severe pneumonia, accounting for the ma-
jority of non-CMV pulmonary infections in both au-
tologous and allogeneic HCT recipients (KRINZMAN
et al. 1998; MarkovIC et al. 1998; GHOSH et al. 1999;
NicHoLS et al. 2001; CHAKRABARTI et al. 2002; IsoN
et al. 2003; NicHOLS et al. 2004). In these patients,
respiratory viral infections can be mild and self-
limited, but also can lead to severe, life-threatening
disease more frequently than in normal immune
hosts. The prevalence of respiratory viral infections
in HSC transplanted patients is variable. In a pro-
spective study conducted by the European Group for
Blood and Marrow Transplantation, 40 respiratory
virus infections (2%) were diagnosed in 1863 pa-
tients (LjuNGMAN 2001). In another study, LEUNG et
al. (1999) found respiratory viral infections in only
three (5%) of the 59 infectious episodes (two RSV
and one influenza B).

Human metapneumovirus (HMPV) is a recently
identified new RNA respiratory virus that belongs to
the Paramyxoviridae family and to the larger Pneu-
movirinae subfamily (Borvin et al. 2002; WILLIAMS
et al. 2004). Their clinical manifestations are virtu-
ally indistinguishable from those associated with
other respiratory viruses. Clinical symptoms typi-
cally consist of fever exceeding >38°C, non-produc-
tive cough, progressive dyspnea, and hypoxemia
(Bo1viN etal. 2002). Despite the fact that HMPV may
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cause serious pneumonia in high-risk patients, it is
often unsuspected in an immunocompromised host
because their clinical features are indistinguish-
able from those associated with other respiratory
viruses.

The descriptions of the thin-section CT appear-
ances in respiratory viral infections have been lim-
ited to very few studies. O1koNoMOU et al. (2003)
reviewed the thin-section CT findings in four pa-
tients with hematologic malignancies and influen-
za A pneumonitis and found that the predominant
CT findings were ground-glass opacities and cen-
trilobular nodules lesser than 10 mm in diameter
(Fig. 6.2.5). GASPARETTO et al. (2004) reviewed the
thin-section CT findings in 20 patients with RSV
pneumonitis after HSC transplantation and found
that the most common thin-section CT findings
consisted of small centrilobular nodules and mul-
tifocal areas of consolidation and ground-glass
opacities in a bilateral asymmetric distribution. The
CT appearances of HMPV infection were patchy
areas of ground-glass attenuation, small nodules,
and multifocal areas of consolidation in a bilateral

asymmetric distribution (Fig. 6.2.6) (FRANQUET
et al. 2005¢). Similar findings have been described
in patients with CMV, Herpes simplex virus, and
Herpes varicella-zoster virus pulmonary infections
(Foor et al. 1993; KANG et al. 1996; FRANQUET et al.
2003a; GASPARETTO et al. 2005).

Fig.6.2.5. Parainfluenza 3 infection in a 60-year-old man
who had severe neutropenia secondary to chemotherapy and
HSC transplant for myelodysplastic syndrome. Transverse
thin-section (1-mm collimation, lung window) CT scan at
the level of the aortic arch shows bilateral areas of ground-
glass opacity in the upper lobes

A

Fig.6.2.6. Human metapneumovirus pneumonia in a 58-
year-old man with neutropenia following HSC transplan-
tation. Transverse thin-section (1-mm collimation) CT
scan obtained at level of the carina shows bilateral areas of
ground-glass attenuation and multiple ill-defined nodules
affecting the posterior segment of the right upper lobe and
both superior segments of the lower lobes

6.2.4.3.2
Cytomegalovirus (CMV)

The incidence of CMV pneumonia has been signifi-
cantly reduced with the use of ganciclovir prophy-
laxis. Nevertheless, CMV remains one of the ma-
jor complications in the post-engraftment phase,
mostly within the first 4 months, being responsible
for up to 50% of cases of pneumonia occurring in
50%-70% of allogeneic bone marrow transplant re-
cipients (CORDONNIER 1990; KOTLOEF et al. 2004).
CMYV disease rarely develops earlier than 14 days
after transplantation and may become evident as
late as 4 months after the procedure. CMV in-
fection may be related to primary acquisition or
to reactivation of latent infection or reinfection
with a different strain in a previously seropositive
patient.

CT findings of CMV pneumonia are diverse and
consist of unilateral or bilateral interstitial infil-
trates, alveolar consolidation, ground-glass opaci-
ties, and multiple small nodules with associated ar-
eas of ground-glass attenuation (“halo”) (Fig. 6.2.7)
(KANG et al. 1996; FRANQUET et al. 2003a). It has re-
cently beenreported that nodule size is helpfulin the
differential diagnosis of infectious causes of nodules
in immunocompromised patients (FRANQUET et al.
2003b).
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Fig.6.2.7. Cytomegalovirus (CMV) infection in a 23-year-
old man with acute myeloid leukemia and allogeneic HSC
transplantation. CT scan obtained at the level of the inferior
pulmonary veins shows diffuse ground-glass attenuation
and multiple small ill-defined nodules in both lungs

6.2.5
Non-Infectious Complications

Non-infectious causes of lung injury after HSC
transplantation include a spectrum of syndromes:
pulmonary edema, engraftment syndrome, alveo-
lar hemorrhage, drug-induced lung injury, idio-
pathic pneumonia syndrome (IPS), bronchiolitis
obliterans (BO), cryptogenic organizing pneumonia
(COP), pulmonary veno-occlusive disease (VOD),
and post-transplantation lymphoproliferative dis-
order (PTLD) (WoORTHY et al. 1997; KHURSHID and
ANDERSON 2002).

Most of these causes are attributed to treatment-
related toxicities and are influenced by the myeloab-
lative conditioning regimens used before transplan-
tation, the degree of immunosuppression, and the
interaction of the graft with the host. Therefore,
these causes tend also to occur within specific time
periods after transplantation. “Early” complications
occur within the first 100 days after transplanta-
tion and “late” complications occur beyond day 100
(WoRrTHY et al. 1997).

6.2.5.1
Early Complications

Early complications can be further subdivided into
those that appear in the neutropenic phase (first
30 days of transplantation) or in the early phase
(within 30-100 days of transplantation).

During the period of neutropenia, patients have
a significant risk of developing non-infectious pul-
monary complications such as pulmonary edema,
engraftment syndrome, alveolar hemorrhage, and
drug-induced lung injury.

6.2.5.1.1
Neutropenic Phase

6.2.5.1.1.1
Pulmonary Edema

Pulmonary edema is one of the earliest complica-
tions following HSC transplantation and may occur
even in those patients with normal cardiac function.
It is usually secondary to the large volumes of flu-
ids infused to minimize the toxicity of condition-
ing regimens, and to transfusion of blood products
(WorTHY et al. 1997). Characteristic chest radio-
graphic findings include diffuse interstitial lines
such as Kerley A and Kerley B. The HRCT findings
include enlarged pulmonary vessels, septal lines,
peribronchial cuffing, ground-glass opacities, and
small pleural effusions (Evans et al. 2003; WaH et al.
2003) (Fig. 6.2.8). The ground-glass opacities tend to
involve mainly the dependent lung regions.

Fig.6.2.8. Pulmonary edema due to fluid overload in a 28-
year-old woman after allogeneic HSC transplantation. HRCT
scan through upper lobes shows smooth septal thickening in
a gravity-dependent distribution. The left interlobar fissure
is also prominent due to subpleural edema. (With permis-
sion from FRANQUET et al. 2005a)

6.2.5.1.1.2
Engraftment Syndrome

Engraftment syndrome is a non-infectious pulmo-
nary complication that represents a form of diffuse
capillary leak associated with lung injury and pul-
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monary edema. It has been described, during recov-
ery from neutropenia, in autologous HSC transplan-
tation. The median time of onset is 7 days after HSC
transplantation (KHURSHID and ANDERSON 2002).
Clinically, as occurs with other non-infectious pul-
monary complications, patients are febrile and may
also present with skin rash similar to that in acute
GVHD, and hypoxia. Chest radiograph findings are
non-specific and range from normality to bilateral
air-space opacification, diffuse vascular redistribu-
tion, and pleural effusions (Fig. 6.2.9). On CT, en-
graftment syndrome usually manifests as bilateral
ground-glass opacification, air-space consolidation
distributed at the hilar or peribronchial regions, and
smooth thickening of interlobular septa (Evans et
al. 2003; WaH et al. 2003).

Fig.6.2.9. Engraftment syndrome in a 46-year-old woman
with non-Hodgkin lymphoma 3 weeks following allogeneic
HSC transplantation. HRCT scan shows bilateral areas of
consolidation having a peribronchovascular and subpleural
distribution. Note a right pleural effusion. (With permission
from FRANQUET et al. 2005a)

6.2.5.1.1.3
Diffuse Alveolar Hemorrhage (DAH)

Diffuse pulmonary alveolar hemorrhage (DAH) is a
life-threatening complication following bone mar-
row transplantation with a reported mortality of
approximately 70%-100% (AFEssA et al. 2002; BEN-
ABRAHAM et al. 2003). The overall incidence of DAH
is higher following autologous (20%) than allogeneic
(10%) HSC transplantation. It typically occurs as a
diffuse process in the first month after transplant,
often at the time of granulocyte recovery (SCHMIDT-
WoLF et al. 1993; ALam and CHAN 1996; AFESSA et
al. 2002). Although its pathogenesis is not entirely un-

derstood, predisposing risk factors include intensive
pre-transplantation chemotherapyand totalbodyand
thoracic irradiation (WoRTHY et al. 1997). The HRCT
findings consist of extensive bilateral ground-glass
opacities with or without superimposed intralobular
linear opacities (“crazy-paving” pattern) (Fig. 6.2.10)
(Evans et al. 2003; WAH et al. 2003).

Fig.6.2.10a,b. Diffuse alveolar hemorrhage in a 46-year-
old woman with non-Hodgkin lymphoma 3 weeks after al-
logeneic HSC transplantation. a HRCT scan at the level of
carina shows diffuse ground-glass opacity in addition to
septal thickening (“crazy-paving”). b Histologically, mac-
rophages containing hemosiderin are present within the
alveolar spaces (arrows). (H and E, x100; with permission
from FRANQUET et al. 2005a)

6.2.5.1.1.4
Drug-Induced Lung Injury

Drug-induced lung disease occurs in up to 10% of
patients following autologous or allogeneic HSC
transplantation and must always be considered in
the differential diagnosis of pulmonary infiltrates in
transplant recipients. A wide range of histologic re-
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action patterns can be seen, the most common being
diffuse alveolar damage, hypersensitivity reaction,
non-specific interstitial pneumonia, and organizing
pneumonia (ELL1s et al. 2000).

Plain chest radiography is likely to underestimate
subclinical forms of drug-induced lung disease,
compared with HRCT. The CT manifestations are
non-specific and reflect the histologic findings. CT
features have been divided into four categories ac-
cording to their dominant pattern and distribution
of disease: fibrosis (irregular linear opacities with
architectural distortion) with or without consolida-
tion, ground-glass opacities, widespread bilateral
consolidation, and bronchial wall thickening with
areas of decreased attenuation (Fig. 6.2.11) (EvANS
et al. 2003; WAH et al. 2003).

6.2.5.2
Early Phase

6.2.5.2.1
Idiopathic Pneumonia Syndrome (IPS)

Idiopathic pneumonia syndrome (IPS) is defined as
diffuselung injury occurring after HSC transplanta-
tion in the absence of active lower respiratory tract
infection even in the presence of non-lobar radio-
graphic infiltrates and physiologic changes consis-
tent with pneumonia (KANTROW et al. 1997). Thus,

the diagnosis of IPS is one of exclusion, which re-
quires the elimination of potential infectious agents
as a cause of the patient’s respiratory status. Id-
iopathic pneumonia is the most common cause of
diffuse radiographic abnormalities between 30 days
and 180 days after HSC transplantation. Clinical
symptoms include dyspnea, cough, and fever. The
mortality rate of IPS remains greater than 70%, and
two-thirds of all deaths are associated with progres-
sive respiratory failure (KANTROW et al. 1997). The
histologic features of IPS range from a primarily
interstitial reaction with diffuse or focal widening of
the alveolar septa and interstitial spaces by mononu-
clear inflammatory cells and edema to diffuse alveo-
lar damage with intra-alveolar hyaline membranes,
edema, and hemorrhage. Other associated patterns
such as organizing pneumonia and vascular damage
have also been described. The pathologic findings of
IPS are similar to those found in acute interstitial
pneumonia and acute respiratory distress syndrome
(ARDS) and can be separated into acute exudative,
subacute proliferative, and chronic fibrotic phases.
Characteristic CT findings include focal or diffuse
ground-glass opacity and air-space consolidation
with a basilar predominance (Fig. 6.2.12), a pattern
consistent with non-cardiogenic pulmonary edema
(KanTROW et al. 1997). Pleural effusions may be
present. Architectural distortion, traction bronchi-
ectasis, and the presence of honeycombing are in-
dicative of the fibrotic phase of IPS.

Fig. 6.2.11a,b. Vincristine-induced interstitial pneumonitis in a 63-year-old man with myeloma. a HRCT scan at the level of
the carina shows diffuse ground-glass attenuation in the right lung and bilateral patchy areas of consolidation. b Photomi-
crograph of histopathologic section shows patchy expansion of the interstitium by lymphocytic infiltrate, mild interstitial
fibrosis, and reactive hyperplastic type II pneumocytes (arrows) (H and E, X250) (with permission from FRANQUET et al.
2005a)
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Fig.6.2.12a,b. Idiopathic pneumonia syndrome in a 40-
year-old man with AML 4 weeks following allogeneic HSC
transplantation. a HRCT scan at the level of lower lung zones
shows bilateral patchy areas of consolidation and ground-
glass attenuation. b Histologically, the alveolar septa are
thickened by edema and round cell infiltration (arrow).
Hyperplasia and desquamation of the alveolar lining cells,
fibrinous exudation, and hyaline membranes (arrowheads)
are seen within the alveolar spaces. (H and E, x250) (with
permission from FRANQUET et al. 2005a)

6.2.5.2.2
Acute GVHD

GVHD is an immune reaction mediated by donor
T-lymphocytes that recognize the recipient’s tissue
as a foreign body. It may present as acute or chronic
pulmonary complication after HSC transplantation
(CooxkE and YANIK 2004). Acute GVHD develops in
20%-75% of patients (TABBARA et al. 2002; FREUD-
ENBERGER et al. 2003). The most commonly affected
tissue systems are the skin, liver, and gastrointestinal
system. Pulmonary involvement is rare. The median
time of onset of respiratory symptoms is 5 months
(range 1-13 months). The reported radiologic mani-
festations include mild perihilar or diffuse intersti-
tial fibrosis, cysts, and lung nodules (Fig. 6.2.13).

Fig.6.2.13. Acute graft-versus-host disease in a 34-year-old
man with CML 5 weeks following allogeneic HSC transplan-
tation. HRCT at the level of the inferior pulmonary veins
shows small areas of consolidation (arrow) in association
with discrete right pleural effusion. (With permission from
FRANQUET et al. 2005a)

6.2.5.2.3
Pleuro-pericardial Effusion/Hepatic Veno-occlusive
Disease

Pleuro-pericardial effusion has been reported in ap-
proximately 16% of patients in the first few weeks af-
ter receiving HSC transplantation (FREUDENBERGER
et al. 2003). The most common non-infectious cause
of pleural effusion is aggressive treatment with flu-
ids, blood, and blood product transfusion. The ef-
fusion is usually bilateral or right sided and rarely
related to an identifiable infectious source. Hepatic
veno-occlusive disease, an occasional complica-
tion in allogeneic HSC transplantation recipients,
is characterized by jaundice, hepatic enlargement,
right upper quadrant pain, and ascites (BARKER et
al. 2003; FREUDENBERGER et al. 2003). Pleural effu-
sion has been reported in up to 50% of HSC trans-
plantation recipients with hepatic veno-occlusive
disease. Patients with veno-occlusive disease and
pleural effusions have either no or minimal respira-
tory symptoms. Hepatic veno-occlusive disease usu-
ally precedes the development of pleural effusion
(Fig. 6.2.14). Although pleural and pericardial effu-
sions may be detected on conventional chest radio-
graphs, they are better evaluated with CT and MR.




Imaging in Bone Marrow Transplantation

201

Fig.6.2.14. Pleuro-pericardial effusion in a 28-year-old
woman after allogeneic HSC transplantation. HRCT scan
photographed using mediastinal window shows the presence
of bilateral pleural and small pericardial effusions. (With
permission from FRANQUET et al. 2005a)

6.2.5.2.4
Pulmonary Cytolytic Thrombi (PCT)

A rare early pulmonary vascular complication con-
sisting of endothelial swelling with arteriolar, venu-
lar, and capillary thrombi has been described after
allogeneic HSC transplantation with acute GVHD
(GULBAHCE et al. 2000, 2004). Active GVHD shortly
before or at the time of PCT in all patients is indica-
tive of the presence of alloreactive donor cells and
supports an etiologic association. Pathologically it
is characterized by intravascular formation of baso-
philic thrombifrequentlyaccompanied by pulmonary
infarcts (GULBAHCE et al. 2000, 2004). The median
time of onset of PCT is 2 months after transplantation
although cases have been reported as early as 2 weeks.
Although its pathogenesis is unknown, PCT maybe a
manifestation of acute GVHD. CT findings consist of
multiple pulmonary nodules (Fig. 6.2.15).

6.2.5.2.5
Post-Radiation Thoracic Injuries

Radiation-induced thoracic injures can usually be
diagnosed from characteristic imaging appearances
and knowledge of the radiation port, radiation dose,
and time interval since therapy. Commonest tho-
racic complications are acute radiation pneumonitis
and fibrosis. Rare complications include spontane-
ous pneumothorax, thymic cysts, calcified lymph

Fig.6.2.15a-c. Pulmonary cytolytic thrombi in an 11-year-
old patient after allogeneic HSC transplantation for an
ALL. a CT scan with discrete peripheral pulmonary nod-
ules suggestive of opportunistic infection (arrows). b His-
tologically, the nodules consisted primarily of hemorrhagic
infarcts (asterisk). Occlusive vascular lesions were present
within, adjacent to, and away from the hemorrhagic infarct
(arrowheads). (H and E, x40). c Intensely basophilic, tena-
cious, amorphous material occludes the lumen of the vessels
(arrows). Few intact cells recognized as leukocytes (arrow-
heads) are also seen (inset) (H and E, x400). (Courtesy of
Gulbahce HE, Minneapolis, Mn., USA). (With permission
from FRANQUET et al. 2005a)
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nodes, vascular calcifications, and osseous sarco-
mas (BLUEMKE et al. 1991).

6.2.5.2.5.1
Radiation Pneumonitis

Radiation to the chest can result in acute pneumonitis
or chronic fibrosis. Risk factors for radiation injury
include total dose delivered, preexisting lung disease,
and concurrent treatment with agents that sensitize
the lung to radiation damage. Radiation pneumonitis
presents 6 weeks to 6 months after completion of ra-
diation therapy (Evans et al. 2003; WaH et al. 2003).
In patients who progress to a clinically evident ra-
diation pneumonitis, the radiographic findings range
from normal to mild perivascular haziness. Over
time, these initial lesions may develop into alveolar
infiltrates. Radiologic changes may be observed in
completely asymptomatic patients.

Clinical symptoms of radiation pneumonitis
can be separated into early and late phases. Dur-
ing the early phase, 1-3 months after treatment,
patients present with fever and leukocytosis mak-
ing radiation injury a clinical syndrome difficult to
distinguish from infection. Computed tomography
is helpful in distinguishing radiation pneumonitis
from pulmonary infiltrates of other causes. Given
that radiation changes rarely occur outside the
treated field, a characteristic CT finding consists of
sharply marginated ground-glass opacities that do
not follow an anatomic border (Fig. 6.2.16) (EvaNs
et al. 2003; WaH et al. 2003).

Fig.6.2.16. Acute radiation pneumonitis in a 28-year-old
woman after allogeneic HSC transplantation. HRCT shows
paramediastinal ground-glass attenuation with associated
broncho-vascular distortion. Notice the sharp border be-
tween the radiated area and the normal lung parenchyma (ar-
rowheads). (With permission from FRANQUET et al. 2005a)

6.2.5.3
Late Complications

6.2.5.3.1
Chronic GVHD

Chronic GVHD is the most common non-relapse
problem, occurring in approximately 60%-80% of
long-term survivors of allogeneic HSC transplant
and is a major cause of late morbidity and mortal-
ity. Onset is usually between 100 days and 6 months
after transplantation, although earlier and later de-
velopment are possible (PATRIARCA et al. 2004). The
disease is more common in older patients, in re-
cipients of mismatched or unrelated stem cells, and
in those with a preceding episode of acute GVHD.
Pulmonary complications include bronchiolitis ob-
literans (BO) and cryptogenic organizing pneumo-
nia (COP). Moreover, patients with chronic GVHD
have a particularly high risk of infections due to
hypogammaglobulinemia and immune dysfunc-
tion. These patients must be re-immunized at 1 and
2 years for tetanus, diphtheria, polio, pneumococ-
cus, meningococcus, and Haemophilus influenzae
type B. In most patients, chronic GVHD resolves
but it may require 1-3 years of immunosuppressive
treatment.

6.2.5.3.1.1
Bronchiolitis Obliterans (BO)

Bronchiolitis obliterans, an obstructive pulmonary
disorder that affects the small airways, has been
reported in between 2% and 14% of allogeneic HSC
transplantation recipients who survive more than
3 months (FREUDENBERGER et al. 2003). Bronchiol-
itis obliterans is associated with high mortality (up
to 60%) at 3 years post HSC transplantation (FREUD-
ENBERGER et al. 2003). Presenting symptoms include
gradual dyspnea accompanied by persistent cough
and expiratory wheeze. Pulmonary function test-
ing shows new obstructive lung defects defined by
a forced expiratory volume in 1s (FEVI) <80% of
predicted or a decrease of FEV1/forced vital capacity
by >10% within a period of less than 1 year.
Histologically, there is a predominantly constric-
tive bronchiolitis with destruction and narrowing
of the bronchiolar lumen by fibrous tissue. This
association suggests an immunologic mechanism
that includes bronchial epithelial injury. High-res-
olution CT findings include areas of decreased at-
tenuation and vascularity (mosaic perfusion), air
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Fig. 6.2.17a,b. Chronic (obliterative) bronchiolitis in a 48-year-old woman 5 months following allogeneic HSC transplanta-
tion. a HRCT scan at the level of lower lobes shows a striking dilatation of subsegmental airways in the right lower lobe.
A general reduction in lung parenchymal density is also noted. b Histologic section of lung parenchyma shows a moderately
severe mononuclear inflammatory cell infiltrate in the peribronchiolar interstitial tissue (arrows). (With permission from

FRANQUET et al. 2005a)

(WINER-MURAM et al. 1996) trapping, and bron-
chial dilatation (Fig. 6.2.17) (URBANSKI et al. 1987;
Qoi et al. 1998).

6.2.5.3.1.2
Organizing Pneumonia (OP)

Organizing pneumonia (OP), also known as bron-
chiolitis obliterans organizing pneumonia (BOOP),
is defined as granulated tissue plugs within lumens
of small airways that extend into alveolar ducts and
alveoli (EPLER 1995). Organizing pneumonia is in-
creasingly recognized as an important cause of dif-
fuse infiltrative lung disease and is a well-known late
manifestation of chronic GVHD occurring in up to
10% of stem cell transplantation (FREUDENBERGER
et al. 2003). Risk factors for OP include allogeneic
HSC transplantation and GVHD (WINER-MURAM et
al. 1996; KHURSHID and ANDERSON 2002). CT find-
ings consist of patchy consolidation frequently in a
subpleural or peribronchial location, ground-glass
opacities, and, occasionally, centrilobular nodules
(FRANQUET et al. 2005a) (Fig. 6.2.18).

6.2.5.3.1.3
Air-Leak Syndromes

Although air-leak syndromes have not been rec-
ognized as a fatal complication in HSC transplant
recipients, pneumothorax, pneumomediastinum
and subcutaneous emphysema are potential com-
plications of patients with chronic GVHD and BO.

Fig.6.2.18a,b. Organizing pneumonia after allogeneic
HSC transplantation. a HRCT scan at the level of lower
lung zones shows bilateral patchy areas of consolidation
in a predominantly peribronchial distribution. b Photo-
micrograph shows the presence of fibroblastic tissue in the
lumens of peribronchial alveoli (arrows). (H and E, x100)
(with permission from FRANQUET et al. 2005a)
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In these patients, air in the peribronchial sheets
(pulmonary interstitial emphysema) can be associ-
ated with impairment of respiratory function and/or
chest pain, possibly resulting from compression of
small vessels by the interstitial air. In most patients,
pulmonary interstitial emphysema is transient and
it is well known that this process is difficult, if not
impossible, to detect by chest radiograph. Chest CT
should be performed in any HSC transplant recipi-
ent with known or suspected cGVHD who present
with acute clinical symptoms, especially chest pain,
to rule out associated air-leak syndromes. There-
fore, suspicion of BO should be high and prompt
therapy should be initiated in long-term HSC trans-
plant recipients presenting with spontaneous pneu-
momediastinum, pneumothorax or subcutaneous
emphysema (FRANQUET et al. 2007).

6.2.5.3.2
Post-Transplant Malignancies

Post-transplant malignancies in HSC transplanta-
tion patients are seven times more common than
primary cancer in the general population. Post-
transplant malignancies include solid tumors, he-
matologic neoplasms, and post-transplantation
lymphoproliferative disorder (PTLD) (LIBSHITZ et
al. 1978; WORTHY et al. 1997).

Solid tumors have been attributed to radiation
therapy with most of them occurring within or ad-
jacent to the directly irradiated tissues or radiation
ports (BLUEMKE et al. 1991; BHATIA et al. 2001). The
risk of radiation-associated solid tumor develop-
ment after HSC transplantation appears to rise with
increasing levels of irradiation and is likely to in-
crease with longer follow-up. This underscores the
importance of close monitoring of patients who un-
dergo bone marrow transplantation (BHATIA et al.
2001).

Bone and soft-tissue sarcomas and breast carci-
noma are the most common radiation-induced tu-
mors. Radiation-induced sarcoma of bone should be
considered when bone destruction and an associated
soft-tissue mass are shown on CT, or when changes
occur in the appearance of previously stable irradi-
ated bone (LORIGAN et al. 1989). Radiation-induced
mesothelioma, lung carcinoma, and esophageal car-
cinoma have also been described.

Post-transplantation lymphoproliferative dis-
order (PTLD) represents a heterogeneous group of
Epstein-Barr-virus-related lymphoid tumors that
occur in the setting of ineffective T-cell function

because of pharmacologic immunosuppression af-
ter solid-organ transplant and HSC transplantation
recipients (WORTHY et al. 1997). Post-transplan-
tation lymphoproliferative disorder occurs in ap-
proximately 2% of HSC transplantation patients, es-
pecially after heart-lung and renal transplantation.
On chest radiograph or CT, PTLD usually consists of
multiple pulmonary nodules and/or hilar or medias-
tinal lymph node enlargement (Fig. 6.2.19) (BRAGG
et al. 1994; RAPPAPORT et al. 1998; PICKHARDT et al.
2000).

Fig. 6.2.19. Post-transplantation lymphoproliferative disor-
der (PTLD) in a 54-year-old man with multiple myeloma,
2 months after allogeneic HSC transplantation. CT scans
shows multiple axilar and mediastinal adenopathies. (With
permission from FRANQUET et al. 2005a)

6.2.5.3.3
Radiation Fibrosis

Radiation fibrosis typically occurs 6 months or more
after radiation therapy. Fibrotic changes are vari-
ably present between 30 and 40 Gy, and are always
seen after 40 Gy. Permanent scarring resulting in
respiratory compromise may develop if the dose and
volume of lung irradiated are excessive. The HRCT
findings consist of a reticular pattern with associ-
ated traction bronchiectasis limited to the radia-
tion portal (WoRrTHY et al. 1997; WAH et al. 2003)
(Fig. 6.2.20).

6.2.5.3.4
Calcification of Mediastinal Lymph Nodes and
Thymic Cysts

Calcification of lymph nodes and pre-sternal soft
tissue disease may be seen after radiotherapy for
Hodgkin’s disease (WORTHY et al. 1997). Calcifica-
tion of non-enlarged nodes in HD signifies a fa-
vorable response to therapy (Fig. 6.2.21). Thymic
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Fig.6.2.20a,b. Radiation fibrosis in a 48-year-old man af-
ter radiation therapy for lymphoma. a Chest radiograph
obtained 1 year after radiation therapy shows bilateral fi-
brotic changes in the paramediastinal lung zone (arrows).
b CT scan confirms bilateral paramediastinal fibrosis in the
field of irradiation (arrowheads). (With permission from
FRANQUET et al. 2005a)

Fig. 6.2.21. Mediastinal lymph node calcification in a 38-
year-old man after radiation therapy for lymphoma. Close-up
view of CT shows multiple calcified retrosternal lymphade-
nopathy (arrows). The patient had undergone radiotherapy
for Hodgkin’s disease 3 years previously. (With permission
from FRANQUET et al. 2005a)

Fig. 6.2.22a-c. Calcified thymic cyst in a 30-year-old man
after radiotherapy for Hodgkin’s disease. a Posteroanterior
and lateral b chest radiograph show a well-defined anterior
mediastinal mass with a thin rim of calcification (arrows).
¢ CT scan clearly shows a well-defined anterior mediastinal
mass with a thin rim of calcification. (With permission from
FRANQUET et al. 2005a)
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cysts, sometimes with a thin rim of calcification,
may develop as an inflammatory response after ra-
diotherapy for Hodgkin’s disease (Fig. 6.2.22); occa-
sionally they enlarge and simulate recurrent tumor
(WoRTHY et al. 1997).

6.2.6
Conclusion

The radiologist plays an important role in the diag-
nosis and management of HSC transplant recipients
with suspected pulmonary complications. Conven-
tional chest radiography remains the first imaging
procedure in the imaging work-up of patients. Al-
though CT is not recommended for the initial evalu-
ation, it is frequently appropriate in those cases with
normal, equivocal, or non-specific radiographic
findings. High-resolution CT is helpful in the dif-
ferential diagnosis of infectious from non-infectious
acute parenchymal lung disease. A combination of
the clinical information and HRCT findings, which
are sometimes characteristic of several entities, may
help the radiologist in forming a meaningful differ-
ential diagnosis of these disorders. Familiarity with
the appearance of more typical pulmonary compli-
cations should improve diagnosis and patient care.
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