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Leucostasis, a life-threatening complication of acute leukaemia, occurs when leukaemia
cells accumulate in and damage the microvasculature of vital organs, with the brain and
lungs being the most commonly affected. Neurological signs and symptoms range from mild
visual disturbances to coma, while pulmonary manifestations range from cough and dyspnea
to respiratory failure (Porcu et al, 2002). Although leucostasis predominantly occurs in
patients with hyperleucocytosis and with acute myeloid leukaemia rather than acute
lymphoblastic leukaemia (ALL), no reliable clinical predictor currently exists.

The pathophysiology of leucostasis is poorly understood but is thought to involve the
biophysical properties of leukaemia cells and their interactions with the microvascular
environment. Previous work has shown that leukaemic blasts are stiffer than their more
mature counterparts and have suggested that cell deformability may play a significant role in
leucostasis (Lichtman, 1973).

Atomic force microscopy (AFM) is a sensitive tool for measuring cellular mechanical
properties on the nanometer scale and has been used extensively in cell biology to measure
single cell deformability (Radmacher, 2007). Although several groups have measured the
stiffness of different leukaemia cell types using other techniques (Lichtman, 1973; Sharma,
1993), no comparisons have been reported between acute leukaemia patients with and
without leucostasis. Furthermore, as leucostasis is especially rare in paediatric ALL, more
research is required to determine which specific patients are at risk and should receive
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preventive measures (i.e. leucaphaeresis). To determine if cell stiffness is associated with
leucostasis, we used AFM to measure the stiffness of individual leukaemia cells taken from
patients with and without symptoms consistent with leucostasis.

Blood was obtained, with informed consent, from 15 paediatric ALL patients with >10%
blasts in their peripheral blood. Leukaemic blasts were then immediately isolated via
density-gradient centrifugation and measured with AFM. Measurements were performed
with the methodology previously described using a Hertzian mechanics model (Rosenbluth
et al, 2006) (Fig 1A and B). Cells were immobilized in microfabricated wells to prevent
movement during AFM measurements. Media was constantly perfused into and out of the
sample chamber, and measurements were taken at 37°C using a heated stage.

As the central nervous system (CNS) and lungs are the major leucostasis target organs
(Porcu et al, 2002), symptoms and signs of neurological and pulmonary dysfunction were
considered evidence of leucostasis only when the onset occurred at presentation and no other
aetiology could be identified, similar to previous studies on leucostasis (Novotny et al, 2005,
2006). Out of the 15 patients with paediatric ALL and peripheral blasts, four had symptoms
and/or abnormalities on physical examination or diagnostic imaging consistent with CNS or
pulmonary leucostasis (Table I). All patients were newly diagnosed, with the exception of
patient 1, who had multiply relapsed refractory disease and was receiving only end-of-life
palliative care at the time of this study. This patient ultimately died of respiratory failure, and
leukaemia cell stiffness was measured daily during his last 3 d of life. Leucostasis symptoms
resolved for the other three patients during induction chemotherapy.

Leukaemia cell stiffness values were calculated for each patient sample (Fig 1C). Mann-
Whitney analysis showed that the median stiffness values were higher in the four patients
with symptoms consistent with CNS and respiratory leucostasis (group median: 0-72 + 0-29
kPa) than in the 11 asymptomatic patients (group median: 0-13 + 0-01 kPa, A= 0-001, effect
size = —0-74, errors represent standard errors of the mean). That such a considerable
statistical significance and effect size, which indicates the magnitude of difference between
groups, were obtained with a relatively small patient sample demonstrated that a substantial
difference exists between these two patient populations. Furthermore, the 10, 25, 75, and 90
percentile cell stiffness values were higher in the symptomatic than asymptomatic patients
(Prange: 0-005-0-01), indicating that the observed differences in stiffness were consistent
throughout entire cell populations. Finally, the cell stiffness variance was more prominent in
symptomatic patients, raising the possibility that a small proportion of stiff cells within the
population may be sufficient to trigger leucostasis.

Although leucostasis tends to occur with hyperleucocytosis (Lowe et al, 2005), the exact
relationship between leucostasis risk and white blood cell (WBC) count in paediatric ALL
remains unclear. Our results showed no significant difference in WBC count between
symptomatic and asymptomatic patients (P= 0-40) and leukaemia cell stiffness (/2= 0-004,
P=0-84) did not correlate with WBC count, suggesting that increased cell stiffness may be
an additional independent leucostasis risk factor.
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Cell stiffness measurements taken daily during patient 1’s last 3 d of life showed that the
median leukaemia cell stiffness significantly increased from 0-07 to 0-41 kPa (P < 0-0001) to
0-69 kPa (P< 0-01). This increase preceded the development of respiratory failure,
indicating that cell stiffness trends may possibly be used to predict the onset of leucostasis
(Fig 1D, Table I).

However, the underlying cause for the observed cellular stiffness increase is unclear. We
have recently shown that chemotherapy-induced cell death increases leukaemia cell stiffness
(Lam et al, 2007). However, no patient in this study received chemotherapy around the time
the sample was drawn. Elevated cytokines levels (i.e. tumour necrosis factor-a), which
increase neutrophil stiffness in sepsis leading to microvascular occlusion (Skoutelis et al,
2000), may alter cell stiffness in acute leukaemia, but further studies are required to
elucidate the aetiology of leukaemia cell stiffness and the exact role it plays in leucostasis
pathophysiology.

Our results suggest that increased leukaemia cell stiffness is associated with leucostasis in
paediatric ALL. This is consistent with recent data showing that leucostasis-positive
leukaemia cells have longer transit times through capillary-sized channels than cells from
asymptomatic leukaemia patients (Rosenbluth et al, 2008). Though leucostasis is rare in
paediatric ALL (Lowe et al, 2005), it is associated with high mortality, and a reliable clinical
predictor would enable physicians to identify high-risk patients before irreversible damage
occurs. Further research is required to determine whether increased leukaemia cell stiffness,
as well as other factors, such as adhesion or transmigration, can be used as independent risk
and/or prognostic factors for leucostasis. In addition, more patients, especially those with
autopsy-confirmed leucostasis, must be enroled to definitively determine the correlation, if
any, between immunophenotype, cytogenetics and cell stiffness.
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Fig 1.

Legukaemia cell stiffness, as measured with atomic force microscopy (AFM), is higher in
paediatric acute lymphoblastic leukaemia (ALL) patients with leucostasis symptoms than in
asymptomatic patients. (A) Suspensions of ALL cells were pipetted into a flow chamber for
AFM measurements. All stiffness measurements were taken on a heated stage held at 37°C.
Cells were immobilized in microfabricated wells to prevent movement during experiments,
and media was perfused into and out of the chamber. Illustration not to scale. 7> 15 cells for
all populations. (B) Typical AFM cantilever deflection vs. distance curves (raw data in grey).
The cell stiffness can be determined using a Hertzian mechanics model (fits are coloured
lines). Shown here are the curves of an ALL cell with a stiffness of 1-1 kPa taken from a
patient with leucostasis symptoms (red, samples 1-4) and an ALL cell with a stiffhess of
0-06 kPa taken from an asymptomatic patient (blue, samples 5-15). (C) Stiffness of
leukaemia cell populations taken from the peripheral blood of patients with symptoms of
leucostasis (red) and asymptomatic patients (blue). For each sample, 75 percentile, median,
and 25 percentile stiffness values are represented by the top, middle, and bottom lines,
respectively, of each bar. A population of normal lymphocytes (white, labelled ‘L”) taken
from a healthy individual via the same isolation protocol were used as controls for
comparison. All reported stiffness values represent the average of five consecutive AFM
measurements. Insert: Group median stiffness of the symptomatic (red) and asymptomatic
(blue) patients were 0-72 + 0-29 kPa and 0-13 + 0-01 kPa, respectively (P= 0-001, errors

Br J Haematol. Author manuscript; available in PMC 2021 February 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lam et al.

Page 6

represent standard error of the mean) (D) Serial cell stiffness measurements, represented by
75 percentile, median, and 25 percentile values, taken daily from a 15-year-old boy with
relapsed, refractory ALL (patient 1) receiving only palliative care during his last 3 d of life.
Median leukaemia cell stiffness significantly increased during that time from 0-07 to 0-41
kPa (P < 0-0001) to 0:69 kPa (P < 0-01). Cell stiffness values taken at 1 d prior to patient 1’s
death are used in (C) for this patient.
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