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Abstract

Introduction: Microvasculopathy and endothelial dysfunction play important roles in the development of post-
transplant complications, including graft-versus-host disease (GVHD). We assessed structural microvasculopathy
by employing nailfold video capillaroscopy (NFVC) and endothelial dysfunction via flow-mediated dilatation
(FMD) of the brachial artery in recipients of hematopoietic stem cell transplantation.

Patients and methods: Recipients of stem cell transplantation were included in this study post day+100 and di-
vided into two cohorts. The first cohort consisted of 35 recipients of allogeneic hematopoietic stem cell trans-
plantation (HCT) and the second cohort was comprised of 31 recipients of autologous HCT. A third cohort in-
cluded 35 healthy individuals. NFVC was conducted on the second to fifth fingers of both hands using an Op-
tilia video capillaroscope at 200 X magnification, and the images were analyzed according to the European Alli-
ance of Associations for Rheumatology (EULAR) criteria. The following parameters were used to measure vascu-
lopathy: (a) median capillary density, derived from the capillary density of eight fingers, (b) median capillary di-
ameter, derived from maximum capillary apical diameters of eight fingers, and (c) significant neoangiogenesis
(neoangiogenesis present in 22 fingers). FMD of the right brachial artery was observed by high-resolution ultra-
sonography using the principle of post-occlusive reactive hyperemia, and video images were analyzed using
edge-detecting software.

Results: The median capillary diameter was significantly higher in the allo-HCT cohort (20.56+5.17 micrometer)
compared to the auto-HCT cohort (16.19£3.31 micrometer; p<0.001) and healthy controls (14.66+2.61 mi-
crometer; p<0.001). The median capillary density was significantly lower in the allo-HCT cohort (median: 6 capil-
laries/mm, range: 5-9 capillariess/mm) compared to the auto-HCT cohort (median: 8.5 capillaries, range: 5-12 cap-
illaries/mm; p<0.001) and healthy controls (median: 8 capillaries/mm, range: 7-10.5 capillariess/mm; p<0.001). The
allo-HCT cohort had a higher proportion of patients with significant neoangiogenesis (86%) than the auto-HCT
cohort (10%) and healthy controls (9%). The presence of significant neoangiogenesis was more frequent in the
subgroup of patients with a history of GVHD (93%) compared to the subgroup of patients without any history
of GVHD (57%; p=0.044). No significant differences in NFVC parameters or FMD were observed between recipi-
ents of myeloablative and reduced-intensity conditioning regimens. There was no significant difference in NFVC
parameters between the auto-HCT cohort and healthy controls. There was no significant difference in FMD
among the three cohorts; however, a higher proportion of patients in the allo-HCT cohort (28%) had lower
FMD than those in the auto-HCT cohort (3%) and healthy controls (6%), suggesting endothelial dysfunction.
Conclusions: Our findings demonstrate the presence of structural microvasculopathy in allo-HCT recipients and
suggest a possible role of alloreactivity in the pathogenesis of post-HCT microvasculopathy.
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Introduction

The endothelium is a monolayer of cells that origi-
nates from the mesoderm. It lines the inner surface of
blood vessels and lymphatic channels, separating the
flowing blood and lymph from tissue'. From the embry-
onic stage onwards, hematopoietic stem cells and the
endothelium share a unique relationship. During em-
bryogenesis, a highly conserved process of
endothelium-to-hematopoietic transition (EHT) occur-
ring in endothelial cells of the dorsal aorta gives rise to
the first definitive hematopoietic cells’. Endothelial cell
cuddling plays an important role in the homing and en-
graftment of HSCs in the hematopoietic stem cell niche
during development and hematopoietic stem cell trans-
plantation (HCT)’.

Endothelial dysfunction is an important component
of many post-HCT complications, including steroid-
refractory graft-versus-host disease (GVHD)". Post-
HCT endothelial dysfunction occurs due to damage
from chemotherapy, infections, immunomodulators, and
allogeneic reactivity’. A murine model of acute GVHD
has shown microstructural damage to the endothelium,
including reduced endothelial pericyte coverage and ex-
pression of tight junction proteins. During acute intesti-
nal GVHD, structural changes occur in the colonic vas-
culature. These include an increased vessel diameter
and branching’.

Characterization of post-HCT microvasculopathy and
endothelial dysfunction remains incomplete due to a
lack of easy-to-use, reproducible, and objective tools. In
this study, we assessed structural microvasculopathy us-
ing nailfold video capillaroscopy (NFVC) and endothe-
lial dysfunction via flow-mediated dilatation (FMD) in
recipients of HCT. We also studied the relationship be-
tween vascular endothelial changes and incidence of
GVHD.

Materials and Methods

Study design and oversight: This cross-sectional ob-
servational cohort study was conducted from February
2022 to June 2022. The study was reviewed by the in-

stitutional Ethics Committee and approved (Ethical Ap-
proval Number: INT/IEC/2022/592-663).

Patients: The study included three cohorts: the first
cohort comprised recipients of allogeneic HCT (allo-
HCT), the second cohort comprised recipients of au-
tologous HCT (auto-HCT), and the third cohort com-
prised healthy controls. Thirty-five recipients of allo-
HCT and 31 recipients of auto-HCT post-
transplantation day+100 were included in the two study
cohorts, and 35 healthy individuals were recruited as
controls. Written informed consent was obtained from
all the participants. Patients with established autoim-
mune diseases, hypertension, diabetes mellitus, coro-
nary artery disease, cerebrovascular disease, or periph-
eral artery disease were excluded from the study be-
cause of the possibility of underlying endothelial dys-
function arising from their primary illnesses. Detailed
histories including diagnosis, date of transplantation, in-
terval between transplantation and assessment of mi-
crovasculopathy, conditioning regimen employed, and
donor type were retrieved from the HCT case records.

Nailfold video capillaroscopy procedure: Oil immer-
sion images of nailfold capillaries were taken under
200 X magnification using an Optilia video capillaro-
scope with in-built OptiPix capillaroscopy software.
Two consecutive images were acquired from the middle
of the nailfold of the second to the fifth fingers of both
hands. Capillaries in the distal layer were also consid-
ered. Both thumbs were excluded from imaging. The
images were analyzed according to the European Alli-
ance of Associations for Rheumatology (EULAR) crite-
ria for capillary density, capillary apical diameter, and
neoangiogenesis®. A capillary density value of <7 capil-
laries/mm was deemed to indicate reduced capillary
density while a capillary apical diameter of >20 mi-
crometer was defined as capillary dilatation. The pres-
ence of neoangiogenesis is an abnormal finding. Meas-
urements of capillary apical diameter, capillary density,
and various abnormal nailfold capillaroscopy findings
observed in our study are illustrated in Figure 1.

For statistical analysis, the following parameters were
considered for each patient. 1. Median capillary density,
derived from the capillary density of eight fingers. 2.
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Figure 1. Images illustrating different nail fold capillaroscopy findings

(A) Measurement of apical diameter of a capillary. (B) NFVC image in a healthy individual showing normal hairpin capillary mor-
phology and capillary density of 9/mm. (C) Microaneurysm and neoangiogenesis in a recipient of allo-HCT. (D) Decreased capillary
density in a recipient of allo-HCT. (E) Dilated capillaries in an allo-HCT recipient.

Median capillary diameter, derived from the maximum
capillary apical diameters of eight fingers. 3. Significant
neoangiogenesis (presence of neoangiogenesis in greater
than two fingers). During NFVC, at least two images of
each finger (sparing both thumbs) were acquired for
each patient. In total, 1,770 images with acceptable im-
age quality were acquired for analysis.

Flow-mediated dilatation (FMD) of the brachial ar-
tery: FMD was measured in the right brachial artery in
the supine decubitus position using high-resolution ul-
trasonography at a controlled room temperature after
resting for 10 minutes. All images were acquired in
longitudinal sections (2-3 cm above the elbow) using a
10-MHz linear array probe as follows: 1. Baseline im-
ages were acquired for 2 minutes, and the basal diame-
ter of the brachial artery was calculated as the average
of all measurements collected. 2. Subsequently, a
sphygmomanometer cuff was applied distal to the site
of FMD data acquisition, and a total occlusion of blood
flow was achieved in the arm by inflating the cuff to
200 mmHg for 5 minutes. The cuff was then deflated
and the images of flow were recorded for 5 minutes.

The images were processed by an automated edge
detection FDA-approved Brachial Analyzer for Re-
search software (Medical Imaging Applications, LLC,
Coralville, TA). This software identifies a region of in-
terest (ROI) on the image where the proximal and distal
walls of the vessels are the most distinct and uses the

optimal graph search-based segmentation technique to
measure the vessel diameter as the distance between the
intima-lumen interface of the distal and proximal walls.
After obtaining the pre- and post-deflation diameters,
the FMD value was calculated using the following
equation: FMD = (change in arterial diameter = initial
baseline diameter of the artery) X 100°. An FMD value
of <7.1% was considered abnormally low". FMD was
measured once for each of the 101 study participants.
During FMD analysis, the readings of two study par-
ticipants (one auto-HCT recipient and one healthy con-
trol) were excluded because of poor image acquisition.
Statistical analyses: Mean * standard deviation (SD)
was used as the preferred measure of central tendency
for continuous variables. The median (range) was used
as the preferred measure of the central tendency of dis-
crete variables. Comparisons of the median apical capil-
lary diameter, median capillary density, and FMD val-
ues between the allo-HCT cohort, auto-HCT cohort,
and healthy controls were conducted using analysis of
variance with the Bonferroni post-hoc test. Box plots
were used to visualize the findings. Comparisons of ab-
normal findings, including significant neoangiogenesis,
low median capillary density, high median capillary di-
ameter, and low FMD, between subgroups of patients
with and without GVHD was conducted using Fisher’s
exact test. All statistical analyses were performed using
DATAtab statistics software (URL: https://datatab.net).
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Table 1. Demographic and baseline clinical characteristics

Demographic features

Cohort1 Allo-HCT (n=35)

Cohort3 Healthy

Cohort2 Auto-HCT (n=31) controls (n=35)

Age, years, median (range)

Sex, females/males, n (%)

Duration since transplant, months, median (range)
Indications for transplant, n (%)

25 (9-57)
9/26 (26/74)

CML-
MDS-
SAA-
HL-
CGD-
Type of donor, n (%) MRD-

Haploidentical-

Type of conditioning, n (%) MAC-
RIC -

11 (3-88) months
Acute leukemia-

42 (15-68) 26 (13-64)
11/20 (35/65) 10/25 (29/71)
22 (3-168) months NA

22 (63%) MM- 14 (45%) NA

5(14%) HL- 11 (36%)

1 (3%) NHL- 4 (13%)

4 (11%) APML- 1 (3%)

2 (6%) Primary amyloidosis- 1 (3%)

1 (3%)

18 (51%) Autograft NA

17 (49%)

21 (60%) BEAM- 16 (52%) NA

14 (40%) High dose melphalan 15 (48%)

Allo-HCT, allogeneic hematopoetic cell transplant; Auto-HCT, autologous hematopoietic cell transplant; BEAM, BCNU/Etoposide/Ara-c/Melphalan;
CML, chronic myeloid leukemia; MDS, myelodysplastic syndrome; SAA, severe aplastic anaemia; HL, Hodgkin lymphoma; CGD, chronic granuloma-
tous disease; MM, multiple myeloma; NA, Not applicable; NHL, non Hodgkin lymphoma; APML, acute promyelocytic leukemia; MRD, matched related

donor; MAC, myeloablative conditioning; RIC, reduced intensity conditioning

Results

A total of 101 participants were recruited, including
35 allogeneic HCT recipients, 31 autologous HCT re-
cipients, and 35 healthy controls. The median age of
the participants in the allo-HCT cohort was 25 years
(range: 9-57 years), 42 years (range: 15-68 years) in the
auto-HCT cohort, and 26 years (range: 13-64 years) in
the healthy control group. The median duration from
transplantation to the assessment of microvasculopathy
and endothelial dysfunction was 11 months (range: 3-
88 months) in the allo-HCT cohort and 22 months
(range: 3-168 months) in the auto-HCT cohort.

In the allo-HCT cohort, 18 patients underwent human
leukocyte antigen-matched related donor HCT, and 17
patients underwent haploidentical-related donor HCT.
Peripheral blood was used as the source of stem cells in
all patients. Of the 35 allo-HCT recipients, 21 (60%)
received myeloablative conditioning (MAC) and 14
(40%) received reduced intensity conditioning (RIC). In
the allo-HCT cohort, all recipients received cy-
closporine containing GVHD prophylaxis regimen. Re-
cipients of matched related donor (MRD) transplants re-
ceived cyclosporine- and methotrexate-based GVHD
prophylaxis. Haploidentical transplant recipients re-
ceived cyclophosphamide on post-transplantation day+3
and day+4, with cyclosporine and mycophenolate
mofetil from day+5 onward. Most patients in the auto-
HCT cohort had multiple myeloma (45%), followed by
Hodgkin’s lymphoma (35%). The demographic and
baseline clinical details of the study population are
shown in Table 1.

The median capillary diameter was significantly
higher in the allo-HCT cohort (mean = SD: 20.56 =5.17
micrometer) compared to the auto-HCT cohort (mean =
SD: 16.19+3.31 micrometer; p<0.001) and healthy
controls (mean=SD: 14.66*2.61 micrometer; p<
0.001). There was no significant difference in the me-
dian capillary diameter between auto-HCT recipients
and healthy controls. The median capillary density was
significantly lower in the allo-HCT cohort (median: 6
capillaries/mm, range: 5-9 capillaries/mm) than in the
auto-HCT cohort (median: 8.5 capillaries, range: 5-12
capillaries/mm; p<0.001) and healthy controls (median:
8 capillaries/mm, range: 7-10.5 capillaries/mm; p<
0.001). There was no statistically significant difference
in median capillary density between the auto-HCT co-
hort and healthy controls. There was no significant dif-
ference in FMD values between the cohorts of alloge-
neic and autologous transplant recipients and the
healthy control group. These results are shown in Table
2 and Figure 2.

Compared to the auto-HCT cohort and healthy con-
trols, the allo-HCT cohort had a higher proportion of
patients with low median capillary density (<7 capillar-
ies/mm), high median capillary diameter (>20 microme-
ter), and significant neoangiogenesis (neoangiogenesis
present in greater than two fingers). In the allo-HCT
cohort, 10 patients (28%) had abnormally low FMD
values compared to only one patient (3%) in the auto-
HCT cohort and two healthy controls (6%). As there
was only one observation in the auto-HCT cohort, this
variation was not statistically significant. These results
are summarized in Table 3.
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Table 2. Comparison of different variables for the assessment of structural micro-vasculopathy and FMD in the study cohorts

Comparison Comparison Comparison
S. ) Healthy between between between
no Variable Allo-HCT AUO-HCT  sontrols Allo-HCT and  Allo-HCT and  Auto-HCT and
Auto-HCT healthy controls healthy controls
1. Median capillary diameter 20.56+5.17 16.19+3.31 14.66+2.61 p<0.001 p<0.001 p=0.342
(micrometer), mean (SD)
2.  Median capillary density (capil- 6 (5-9) 8.5 (5-12) 8 (7-10.5) p<0.001 p<0.001 p=NS
laries/mm), median (range)
3. FMD values, mean (SD) 13.98+12.92 16*6.86 16.49+7.72 p=NS p=0.843 p=NS

Allo-HCT, allogeneic hematopoietic cell transplant; Auto-HCT, autologous hematopoietic cell transplant; FMD, flow mediated dilation; SD, standard devia-

tion; NS, non significant
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Figure 2. Box plots illustrating the distribution of study variables in the allo-HCT cohort, auto-HCT cohort, and

healthy controls

(A) Median capillary density. (B) Median capillary apical diameter. (C) FMD.

We compared the NFVC variables and FMD values
between the subgroups of patients receiving MAC and
RIC regimens in the allo-HCT cohort. The median cap-
illary diameter and FMD values were not significantly
different between the two subgroups. The results are
shown in Table 4.

In our study, 28 (80%) allo-HCT recipients experi-
enced some form of GVHD before vasculopathy assess-
ment. We compared the distributions of low median
capillary density, high median capillary diameter, sig-
nificant neoangiogenesis, and low FMD between allo-
HCT recipients with and without a history of GVHD
using Fisher’s exact test. We found significantly higher
neoangiogenesis in the subgroup with a history of
GVHD than in the subgroup without GVHD (p=0.044).

There were no significant differences in low median
capillary density, high median capillary diameter, or
low FMD between the two subgroups. The results are
shown in Table 5.

Discussion

In this study, we employed a novel approach for the
non-invasive in vivo real-time assessment of structural
microvasculopathy and endothelial dysfunction in post-
transplantation recipients via nailfold video capil-
laroscopy (NFVC) and flow-mediated dilatation (FMD)
that is a surrogate for endothelial nitric oxide produc-
tion.

We found evidence of significant structural microvas-
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Table 3. Number of participants in each cohort with abnormal NFVC variables and low FMD

value

Variables

Allo-HCT  Auto-HCT Healthy controls
n n n

Low median capillary density (<7 capillaries/mm)
High median capillary diameter ( > 20 micrometers)

Significant neoangiogenesis
Low FMD (<7.1%)

18 (51%) 6 (19%) none

20 (57%) 3 (10%) 1 (83%)
30 (86%) 3 (10%) 3 (9%)
10 (28%) 1 (3%) 2 (6%)

Allo-HCT, allogeneic hematopoietic cell transplant; Auto-HCT, autologous hematopoietic cell transplant;

FMD, flow mediated dilation of brachial artery

Table 4. Comparison of different variables for the assessment of structural microvasculopathy and FMD be-

tween recipients of MAC and RIC regimen

S.no Variable MAC RIC Comparison
1. Median capillary density (capillaries/mm), median (range) 6 (5-9) 7 (6-8) p=0.47

2. Median capillary diameter (micrometer), mean (SD) 19.46%5.1 22.2+5.01 p=0.127

3. FMD values, mean (SD) 15283+10.7 12.19+15.83 p=0.507

FMD, flow mediated dilation; SD, standard deviation; MAC, myeloablative conditioning; RIC, reduced intensity conditioning

Table 5. Comparison of vasculopathy between subgroups of patients with and without GVHD

Vascular abnormality

Patients with GVHD  Patients without GVHD p value

1 Significant neoangiogenesis Present
Absent
2 Low median capillary density Present
Absent
3 High median capillary diameter Present
Absent
4 Low FMD of brachial artery Present
Absent

26 4
5 3 p=0.044
16 2

12 5 p=NS
. e
8 2 NS
20 5

FMD, Flow mediated dilatation; GVHD, graft vs host disease; NS, non significant

culopathy in recipients of allogeneic HCT compared to
recipients of auto-HCT and healthy controls. The me-
dian capillary diameter and number of fingers with di-
lated capillaries were significantly higher in allo-HCT
recipients. Similarly, the number of neovessels was sig-
nificantly higher in the allo-HCT cohort than in the
auto-HCT cohort and healthy controls. A higher propor-
tion of patients in the allo-HCT cohort (51%) had a re-
duced capillary density (< 7 capillaries/mm) than those
in the auto-HCT cohort (19%) and healthy controls
(0%). Our results showed no significant differences in
NFVC parameters or FMD values between allo-HCT
recipients receiving MAC and those receiving RIC con-
ditioning. Patients with GVHD had significantly more
neoangiogenesis than those devoid of any form of
GVHD; however, the number of patients without
GVHD was too small for drawing any meaningful con-
clusions. These findings suggest an ongoing process of
pathological vascular remodeling in allo-HCT recipients
and that alloreactivity and calcineurin inhibitors are

probable pathogenic factors in this microvascular re-
structuring.

To our knowledge, this is the first study to describe
the abnormalities in different NFVC parameters in HCT
recipients. In this study, we detected microvascular ab-
normalities in transplant recipients in real-time using
non-invasive methods that can be performed at the bed-
side or in a transplant clinic. In line with our findings,
Cordes et al. have also reported microvascular abnor-
malities, including capillary dilatation and increased
capillary branching in colonic biopsies of patients with
acute GVHD'.

Microangiopathies, including dilated loops, giant
loops, reduced -capillary density, avascular regions,
neoangiogenesis, and microhemorrhages, appear early
in the course of systemic sclerosis, even before the on-
set of clinical manifestations'"”. Nailfold capillaroscopy
is an established tool to detect these microvascular
changes”, and its findings provide prognostic informa-
tion that predicts the future clinical course of the dis-
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ease'". Interestingly, the basic pathogenesis of post-

allo-HCT events, such as acute and chronic GVHD, is
immune mediated, similar to systemic sclerosis.
Chronic GVHD shares several clinical similarities with
systemic sclerosis, including sclerotic skin changes,
morphea, skin depigmentation, and sicca symptoms.
Even in the absence of defined GVHD, alloreactivity
persisted in allo-HCT recipients. Interestingly, in this
study, we demonstrated microangiopathies in allo-HCT
recipients, including decreased capillary density, capil-
lary dilatation, and neoangiogenesis. However, this
comparison between allo-HCT and systemic sclerosis
has some limitations. First, systemic sclerosis is an
autoimmune disease, whereas allo-HCT recipients expe-
rience acute and chronic GVHD due to the alloreactiv-
ity of donor immune cells against the host. Second,
there are many differences in clinical manifestations be-
tween systemic sclerosis and GVHD. Third, the kinetics
of clinical progression are markedly different. Systemic
sclerosis has a long preclinical stage, and microvascular
changes appear long before the clinical onset of dis-
ease. However, in our study, recent recipients of allo-
HCT also showed microvascular changes in NFVC.
Capillary dilatation and aberrant neoangiogenesis can
explain the frequent clinical observation of skin
erythema in allo-HCT recipients, especially in those
with chronic skin GVHD.

The overall absence of significant abnormalities in
recipients of auto-HCT and the absence of significant
differences in NFVC parameters and FMD values be-
tween recipients of MAC and RIC conditioning regi-
mens in the allo-HCT cohort argue against the impact
of a cytotoxic chemotherapy burden on the development
of structural microvasculopathy. Another possible expla-
nation for the lack of significant microvascular changes
in auto-HCT recipients is the inclusion of cases post-
transplantation day+100. It is possible that cytotoxic
chemotherapy-related endothelial injury may be an
acute phenomenon, and by day+100, these changes are
reversed due to endothelial remodelling.

To our knowledge, this is the first study that has em-
ployed FMD to assess endothelial dysfunction in HCT
recipients. We demonstrated that a higher proportion of
patients in the allo-HCT cohort had abnormally low
FMD values (< 7.1%); however, this was not statisti-
cally significant owing to the relatively small sample
size. In a case-control study, Routhu et al. showed a
significant reduction in brachial artery FMD in children
with Kawasaki disease during the acute and convales-
cent phases compared with healthy children. This study
demonstrated the utility of FMD in detecting immune-
mediated endothelial dysfunction".

Our study has several limitations, including its cross-
sectional design and small sample size. Due to the
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small number of participants in each group, we could
not assess the impact of specific disease groups, donor
types, or conditioning regimens on microvasculopathy.
This study was not designed to assess the effect of cal-
cineurin inhibitors and GVHD on microvasculopathy or
endothelial dysfunction.

In conclusion, our results show that structural mi-
crovasculopathy, including capillary dilatation, neoangi-
ogenesis, and reduced capillary density, are frequent in
recipients of allo-HCT. This observation indicates that
alloreactivity plays a pathophysiological role in vascular
damage as well as pathological angiogenesis that occur
in parallel and result in the restructuring of the mi-
crovasculature. NFVC is a non-invasive in vivo real-
time assessment tool for microvasculopathy in allo-
HCT recipients. Our results may serve as a foundation
for the use of NFVC and FMD in future studies to ex-
plore the association and temporal relationships be-
tween different microvascular abnormalities and post-
transplant complications of endothelial origin, including
veno-occlusive disease and GVHD.
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