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Abstract
Background Corticosteroid minimisation immunosuppressive protocols (CMP) for children are an approach to safely reduce
unwanted medication side effects associated with long-term exposure following kidney transplantation. Here, we provide data
regarding the incidence of acute rejection and growth over an extended follow-up in children receiving the CMP used in our
centre.
Methods We retrospectively analysed all children treated with a CMP who received a kidney transplant and had follow-up care
in our centre between 2009 and 2019. Data were compared to 5 control groups from recent studies.
Results Ninety-nine kidney allograft recipients were included in the study (mean follow-up 4.4 years). There was no difference in
the cumulative frequency of acute rejection in CMP-treated graft recipients compared to controls. Graft function at latest follow-
up was significantly lower in graft recipients experiencing acute rejection compared to those without acute rejection (53.7 mL/
min/1.73m2 vs. 66.8mL/min/1.73 m2, p = 0.021). Children experiencing >1 acute rejection episode had a greatly elevated risk of
graft failure (p = 0.0009, OR 68.25). At latest follow-up, 64/90 (71.1%) graft recipients had a normal height, and younger graft
recipients demonstrated greater catch up growth than older children. CMP-treated graft recipients showed a reduced rate of height
deficit (28.9% vs. 55.1%, p = 0.0025), less obesity (12.2% vs. 23.9%, p = 0.031), and reduced rates of hypertension (35.4% vs.
68.2%, p< 0.0001).
Conclusions Children treated with a CMP show greater height attainment, lower frequency of obesity, and reduced rates of
hypertension, without an increased risk of acute rejection.
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Introduction

Approaches to improving the long-term outcome of paediatric
kidney allograft recipients have included attempts to amelio-
rate the deleterious effects of specific immunosuppressive
medication. Corticosteroids have played a principal role in
reducing rates of early rejection following transplantation

but are associated with problematic side effects including re-
duced linear growth velocity, hypertension, osteoporosis, obe-
sity, and diabetes mellitus [1].

Several groups have developed corticosteroid avoidance/
early withdrawal strategies: a meta-analysis involving 5
randomised controlled trials showed this strategy could be
achieved without an increase in acute rejection [2–7]. The
Trial to Assess the Impact of Early Steroid Withdrawal on
Growth in Paediatric Renal Transplantation (TWIST) demon-
strated that an immunosuppressive regimen consisting of ta-
crolimus, mycophenolate mofetil (MMF), 2 doses of
daclizumab, and corticosteroids until day 4 could lead to im-
proved growth without an increased rate of acute rejection or
graft failure at 2 years post-transplant [3, 8]. Another study
demonstrated that corticosteroid withdrawal within the first 6
months post-transplant was associated with the eventual
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attainment of normal adult height in 94% of kidney allograft
recipients transplanted before the onset of puberty [9].

Short stature and obesity continue to be a common problem
among paediatric kidney transplant recipients. European data
involving over 3000 paediatric kidney transplant recipients
demonstrated that only 55.1% of children have a height within
the normal range [10], and UK data reported that 52.8% of
paediatric transplant recipients are overweight or obese 4
years post-transplant [11].

Limited data are available on the frequency of acute rejec-
tion and growth outcomes associated with the TWIST proto-
col, as the initial investigation provided complete 2-year fol-
low-up data on only 53 graft recipients [3]. The aim of the
current study was to report the rate of acute rejection and
growth outcomes with extended follow-up among paediatric
kidney transplant recipients receiving the TWIST immuno-
suppressive regimen.

Methods

Study design

This is a retrospective cohort analysis of children who
underwent a kidney transplant and received follow-up care
at the Royal Manchester Children’s Hospital (RMCH) (UK).
Case notes were reviewed from June 2009 to January 2019
and graft recipients who met the following requirements were
included in the study: (i) Aged < 19 years at time of transplan-
tation; (ii) a minimum of 12 months follow-up data; and (iii)
treated with TWIST immunosuppressive regimen. This cohort
is described as the ‘study cohort’ in the manuscript. For graft
recipients who received more than one transplant, the first
transplant was evaluated.

Clinical and serological data from time of transplant to
latest follow-up were evaluated from case notes. Estimated
glomerular filtration rate (eGFR) of patients younger than 18
years was calculated using the revised Schwartz formula [12].
eGFR of patients older than 18 years was calculated using the
modification of diet in renal disease (MDRD) study equation
[13]. Graft failure was defined as the requirement to return to
dialysis after the first week post-transplantation. Kidney biop-
sies were performed if a graft recipient recorded a > 15% rise
in plasma creatinine once infection, obstruction, and drug tox-
icity had been excluded. Biopsy-proven acute rejection
(BPAR) was diagnosed by a pathologist according to the re-
spective most recent Banff classification [14]. Corticosteroid-
resistant BPAR was defined as the failure of serum creatinine
to revert to within 20% of baseline at least 3 days after com-
pletion of 3–5 days of intravenously administeredmethylpred-
nisolone (15 mg/kg, maximum 750 mg) [15]. The study was
reviewed by the Clinical Trial Management Department
(Manchester University NHS Foundation Trust) who waived

the requirement for ethical approvement for this study involv-
ing the collection of anonymised data. They concluded that
informed consent was not required from study participants.
The study was performed in accordance with Manchester
University NHS Foundation Trust guidelines. No patient iden-
tifiable data were recorded.

Immunosuppressive regimen

Children were treated with the TWIST protocol. This involves
induction therapy with the interleukin 2 receptor monoclonal
antibody antagonist, basiliximab, on day 0 and day 4 post-
transplantation, coupled with a rapidly weaning course of
prednisolone which is discontinued on day 5. Long-term im-
munosuppression is provided by tacrolimus and MMF [8].
Target plasma trough levels of tacrolimus were 8–12 μg/L
for weeks 1–3 post-transplant and 5–8 μg/L later than 3 weeks
post-transplant. MMF target dosing was 600 mg/m2 twice
daily (bd) during the first 2 weeks post-transplant and 300
mg/m2 bd after this period.

Analysis of height, weight, BMI, and hypertension

Standard deviation scores (SDS) for height, weight, and BMI
were calculated for study participants using the following for-
mula: SDS = (value of individual − value in standard popula-
tion)/standard deviation (SD) standard population. Changes in
SDS score at 1 year, 2 year, and latest follow-up were calcu-
lated using the following formula: SDS at study time point
(i.e. 1 year, 2 year, latest follow-up) − SDS at the time of
transplant (‘baseline’). SDS values were calculated from
British 1990 reference values [16, 17]. Height was measured
in the children while standing against the vertical plane of a
stadiometer with feet flat on the floor without shoes and socks.

Height deficit was defined as height SDS < −1.88 SDS, and
further subdivided into moderate (−1.88 > SDS > −3) or se-
vere (< −3 SDS) [10]. The International Obesity Taskforce
(IOTF) definition was used to define overweight and obesity.
Obesity was defined as BMI (body mass index) SDS score ≥
2.25 in girls and ≥ 2.37 in boys. Overweight is defined as BMI
SDS score ≥ 1.19 in girls and ≥ 1.30 in boys. Underweight is
defined as BMI score < −2.16 for boys and < − 2.00 for girls
[11, 18].

Hypertension was defined as the need for treatment with
antihypertensive medicines [8].

Control groups

Rates of BPAR were compared to data from an American
multicentre trial comparing a corticosteroid-based to a
corticosteroid-free immunosuppressive regimen with a 3-
year follow-up period (‘control group 1’) [5]. The study cohort
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results were compared to the corticosteroid-based group (n =
70).

Changes in height in the study cohort were compared to
data from the European Society for Paediatric Nephrology/
European Renal Association and European Dialysis and
Transplant Association (ESPN/ERA-EDTA) registry analysis
of 3492 paediatric transplant recipients transplanted between
1990 and 2012 (‘control group 2’) [10].

‘Control group 3’ consisted of data from children in the
corticosteroid continuation arm of the TWIST study (n =
59 at 1-year follow-up; n = 53 at 2-year follow-up) [3].

Weight/BMI data from the study cohort were compared to
an analysis of 159 paediatric transplant recipients from 12
centres in the UK (‘control group 4’) [11].

Use of antihypertensive medication was compared to a
study from the Cooperative European Paediatric Renal
Transplant Initiative Registry (CERTAIN) involving 336 pae-
diatric transplant recipients with 3 years follow-up (‘control
group 5’) [19].

Statistical analysis

Univariate analysis of risk factors was performed using
Fisher’s exact test (two-tailed) or chi-squared test for categor-
ical variables, and the nonparametric Mann–Whitney U test
for quantitative variables. Odds ratios (OR) and 95% confi-
dence intervals (95% CI) were calculated using the Baptista-
Pike method [20].

Results

Study population

Ninety-nine graft recipients were eligible for study inclusion
with a mean follow-up of 4.4 years (Table 1). Themean age of
study participants at time of transplant was 10.8 years. Seven
out of ninety-nine (7.1%) graft recipients experienced graft
failure, at a mean time of 44.0 months post-transplant (range
18–70 months). There were 2 deaths in the cohort. One graft
recipient with methylmalonic acidaemia died 14 months post-
transplant from acute pancreatitis, encephalopathy, and pneu-
monia. The second graft recipient with mosaic variegated an-
euploidy and renal dysplasia died 49 months post-transplant
from acute lymphoblastic leukaemia.

At latest follow-up, 53/99 (53.5%) of graft recipients were
receiving tacrolimus and MMF; 12/99 (12.1%) of graft recip-
ients were treated with tacrolimus,MMF, and prednisolone. In
graft recipients no longer receiving TWIST at latest follow-up,
the most common reason necessitating a medication change
was MMF intolerance (Fig. 1). At latest follow-up, 42/99
(42.4%) of graft recipients were receiving corticosteroids as
part of their immunosuppressive regimen (Table 1).

Control groups

The mean number of HLA matches between allograft donors
and recipients was higher in the study cohort compared to
control group 1 for both living donors (4.0 vs. 1.9, p <
0.0001) and deceased donors (4.0 vs. 0.7, p < 0.0001)
(Online Resource 1). A lower proportion of study subjects in
control groups 1, 2, and 3 received their graft from a living
donor compared to the study cohort (Online Resources 1, 2,
and 3). There was no difference between the age at transplant
and gender distribution in control groups 1, 2, and 3 compared
to the study cohort. There was no difference in baseline height
between the study cohort and control groups 2 and 3 (Online
Resources 2 and 3).

Acute rejection

There were 33 episodes of BPAR in 27/99 graft recipients
(27.3%), occurring between 7 days and 5.6 years post-trans-
plant. Fifteen out of thirty-three (45.4%) total BPAR episodes
occurred within 6 months of transplant and 20/33 (60.6%)
total BPAR episodes occurred within the first 12 months.
The annual incidence of BPAR is shown in Fig. 2. Twenty-
five out of thirty-three (77.8%) episodes of BPAR occurred in
graft recipients receiving tacrolimus and MMF; 2/33 (6.1%)
episodes occurred in graft recipients receiving tacrolimus,
MMF, and prednisolone.

The frequency of BPAR in the first year was 18/99
(18.2%). In the sub-cohort of graft recipients who completed
at least 36months of follow-up, 15/68 (22.1%) graft recipients
experienced at least 1 BPAR episode within the first 3 years.
There was no difference in cumulative BPAR frequency be-
tween the study cohort and control group 1 at 1 year (frequen-
cy in control group 1 = 18.6%, p = 1.0), or at 3 years post-
transplant (frequency in control group 1 = 28.6%, p = 0.44).
Of the graft recipients who completed ≥ 60 months follow-up
in the study cohort, the BPAR incidence between 25 and 60
months was 2/35 (5.7%).

Donor-specific antibodies (DSAs) were checked in all graft
recipients during the episode of BPAR and 5/27 (18.5%) graft
recipients recorded positive results. Apart from 1 child who
recorded a positive DSA result in the fourth month following
transplant, all other positive DSA results occurred later than 1
year post-transplant.

Seven out of thirty-three (21.2%) episodes of BPAR oc-
curred > 2 years post-transplant, involving 5 graft recipients.
Two out of five (40.0%) of these graft recipients recorded
positive DSA results. Two out of seven graft recipients who
developed BPAR later than 2 years post-transplant (aged 15
years and 21 years) had multiple undetectable blood tacroli-
mus levels and high tacrolimus intra-patient variability (mean
absolute deviation 55.8% and 74.2%, based on 3 consecutive
readings around time of BPAR). This is indicative of
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treatment non-adherence. One of these graft recipients subse-
quently lost their graft due to chronic antibody-mediated re-
jection (ABMR).

Twenty-five out of thirty-three (75.8%) BPAR episodes
were diagnosed as acute T-cell-mediated rejection (TCMR)
(Banff Category 4), 4/33 (12.1%) episodes were borderline
acute TCMR (Banff Category 3), 2/33 (6.1%) acute (active)
ABMR (Banff Category 2), and 2/33 (6.1%) acute vascular
rejection. Of the 25 graft recipients with TCMR, Category 3
type is as follows: 12/25 Banff Ia, 10/25 Banff 1b, 1/25 Banff
IIa, 1/25 Banff IIb, 1/25 Banff type not specified in report.
Five out of twenty-seven (18.5%) graft recipients experienced
an episode of corticosteroid-resistant BPAR. Four out of five
(80.0%) episodes of corticosteroid-resistant BPAR occurred
within the first 6 months post-transplant, with the remaining
episode occurring 29 months post-transplant. Two out of five
(40.0%) graft recipients with corticosteroid-resistant BPAR
recorded a positive DSA result.

No difference in the following characteristics was identi-
fied between those experiencing BPAR and those without
BPAR: age at transplant, sex, ethnicity, allograft donor (liv-
ing/deceased), cytomegalovirus serostatus of donor and recip-
ient, cold ischemia time, trough plasma tacrolimus level,

frequency of corticosteroids at latest follow-up, rate of graft
failure, length of follow-up, and mismatches for human leu-
kocyte antigen (HLA) A, B, and DR (Table 1 and Online
Resource 4).

Graft outcome

eGFR at latest follow-up was significantly lower in graft re-
cipients experiencing BPAR compared to those without an
episode of BPAR (53.7 mL/min/1.73 m2 vs. 66.8 mL/min/
1.73 m2, p = 0.021) (Table 1). Although the eGFR at latest
follow-up was lower in the five graft recipients with
corticosteroid-resistant BPAR, this was not statistically differ-
ent to those with corticosteroid-responsive BPAR (39.4 vs.
57.0 mL/min/1.73 m2, p = 0.17).

The proportion of graft recipients who experienced graft
failure among those who experienced BPAR (4/27, 14.8%)
was numerically larger, but not statistically significantly dif-
ferent, compared to those without BPAR (3/72, 4.2%) (p =
0.086). Three graft recipients with BPAR experienced graft
failure due to DSA+ chronic ABMR (all 3 graft recipients
experiencing ≥ 2 BPAR episodes). Three graft recipients with-
out BPAR suffered graft failure due to the following reasons:

Table 1 Univariate analysis of graft recipient characteristics

All (n = 99) No BPAR (n = 72) BPAR (n = 27) p value

Characteristic Proportion (%) Mean (SEM) Proportion (%) Mean (SEM) Proportion (%) Mean (SEM)

Age at transplant (years) 10.8 (0.5) 10.8 (0.6) 11.0 (1.0) 0.980

Male 67/99 (67.7%) 51/72 (70.8%) 16/27 (59.3%) 0.336
Female 32/99 (32.3%) 21/72 (29.2%) 11/27 (40.7%)

White ethnicity 62/99 (62.6%) 42/72 (61.1%) 18/27 (66.7%) 0.649

Baseline height SDS -1.9 (0.1) -1.9 (0.2) -1.9 (0.3) 0.954

Baseline weight SDS -1.5 (0.1) -1.5 (0.2) -1.3 (0.2) 0.306

Baseline BMI SDS -0.2 (0.1) -0.3 (0.2) -0.03 (0.2) 0.361

Living donor 60/99 (60.6%) 46/72 (63.9%) 14/27 (51.9%) 0.356
Deceased donor 39/99 (39.4%) 26/72 (36.1%) 13/27 (48.1%)

Cold ischaemia time (minutes) 323.0 (38.8) 278.8 (42.2) 435.0 (83.3) 0.426

CMV recipient − 71/99 (71.7%) 53/72 (73.6%) 18/27 (66.7%) 0.617
CMV recipient + 28/99 (28.3%) 19/72 (26.4%) 9/27 (33.3%)

CMV donor − 63/99 (63.6%) 43/72 (59.7%) 20/27 (74.1%) 0.243
CMV donor + 36/99 (36.4%) 29/72 (40.3%) 7/27 (25.9%)

Corticosteroids at latest follow-up 42/99 (42.4%) 27/72 (37.5%) 15/27 (55.6%) 0.117

Trough Tac levels < 3 weeks
post-transplant (μg/L)

9.2 (0.4) 9.4 (0.4) 6.1 (1.7) 0.110

Trough Tac levels > 3 weeks
post-transplant (μg/L)

5.6 (0.2) 5.7 (1.8) 5.4 (3.3) 0.150

eGFR at latest follow-up 63.2 (2.8) 66.8 (3.2) 53.7 (5.5) 0.0209

Graft failure 7/99 (7.1%) 3/72 (4.2%) 4/27 (14.8%) 0.0857

Death 2/99 (2.0%) 1/71 (1.4%) 1/28 (3.6%) 0.487

Length follow-up (months) 53.0 (2.9) 52.2 (3.2) 55.2 (6.3) 0.747

SDS, standard deviation score; CMV, cytomegalovirus; eGFR, estimated glomerular filtration rate (mL/min/1.73 m2 ); BMI, body mass index; SEM,
standard error of the mean
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Fig. 1 Immunosuppression at
latest follow-up. a shows
immunosuppressive regimens of
study participants at latest follow-
up. b shows reasons for changes
in immunosuppressive regimen.
MMF, mycophenolate mofetil;
Tac, tacrolimus; Aza,
azathioprine; Pred, prednisolone;
Siro, sirolimus

Fig. 2 Incidence of BPAR and
graft failure over time. a
Percentage of total cohort
experiencing BPAR over
specified time periods. If a graft
recipient had > 1 BPAR episode
in a time period, the graft recipient
is only recorded once for that
period. bRisk of BPAR over time
for whole cohort. c Kaplan-Meier
estimate of risk of graft failure for
graft recipients experiencing no
BPAR, single BPAR, and ≥ 2
BPAR episodes (curves com-
pared using log-rank/Mantel-Cox
test, p < 0.0001)
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vascular disease/chronic allograft nephropathy (CAN); prima-
ry disease recurrence (IgA nephropathy); and DSA+ chronic
ABMR following a period of reduced immunosuppression
due to Epstein-Barr virus infection. The remaining graft fail-
ure was due to CAN (in a graft recipient experiencing a single
BPAR episode).

In the 27 graft recipients with at least one episode of
BPAR, the rate of graft failure among participants with an
episode of corticosteroid-resistant BPAR was 2/5 (40.0%)
compared to 2/22 (9.1%) in those with corticosteroid-
responsive BPAR (p = 0.14, OR 6.67, 95% CI 0.74–50.35).
In the whole cohort of 99 graft recipients, 5/94 (5.3%) graft
recipients without an episode of corticosteroid-resistant
BPAR experienced graft loss compared to 2/5 (40.0%) in graft
recipients with an episode of corticosteroid-resistant BPAR (p
= 0.039, OR 11.89, 95% CI 1.70–65.84).

As a previous study suggested multiple BPAR episodes,
and first BPAR episode > 6 months post-transplant is associ-
ated with an increased risk of graft failure, we investigated
whether this was also true in our cohort [21].

In the 27 graft recipients with at least one episode of
BPAR, the rate of graft failure among participants with two
or more BPAR episodes was 3/4 (75.0%), compared to 1/23
(4.3%) in graft recipients with only a single BPAR episode (p
= 0.0053, OR 66.0, 95% CI 4.1–861.7) (Online Resource 5).
In the whole cohort of 99 graft recipients, 3/4 graft recipients
(75.0%) with two or more BPAR episodes suffered graft fail-
ure compared to 4/95 (4.2%) of graft recipients with a single
or no BPAR episodes (p = 0.00090, OR 68.25, 95% CI 7.50–
882.70) (Fig. 2).

In the 27 graft recipients with at least one episode of BPAR
at some point during follow-up, the rate of graft failure among
graft recipients experiencing BPAR within the first 6 months
post-transplant was 1/15 (6.7%), compared to 3/12 (25.0%)
graft recipients whose first BPAR episode occurred after 6
months post-transplant (p = 0.29, OR 0.21, 95% CI 0.02 –
1.7).

Linear growth

We compared growth outcomes in graft recipients treated with
the corticosteroid-minimisation TWIST regimen to control
groups receiving immunosuppressive regimens involving
continuous corticosteroid exposure. Six out of ninety-nine
graft recipients in the study cohort with the following condi-
tions were excluded from these analyses due to severe short
stature associated with the following conditions: Jeune syn-
drome, Sensenbrenner syndrome, renal dysplasia associated
with mosaic variegated aneuploidy.

At latest follow-up, a larger proportion of children in the
study cohort recorded a height within the normal range (64/90,
71.1%) compared to control group 2 (1924/3492, 55.1%) (p =
0.0025) (Table 2). The proportion of graft recipients with a

severe height deficit in control group 2 was 590/3492 (16.9%)
compared to 9/90 (10.0%) in the study cohort at latest follow-
up.

There was significantly improved growth in the study co-
hort subjects at 2 years and latest follow-up compared to con-
trol group 3 (Online Resource 6). The mean (standard error of
the mean, SEM) change in height SDS (from baseline value)
was 0.50 (0.07) compared to 0.22 (0.09) in controls (p = 0.15,
two way ANOVA followed by Sidak’s multiple comparisons
test) at 1-year follow-up. At 2-year follow-up, the mean
(SEM) change in height SDS was 0.76 (0.10) in graft recipi-
ents receiving TWIST compared to 0.33 (0.14) in controls (p
= 0.017). The mean (SEM) change in height SDS at latest
follow-up was 0.72 (0.10) in graft recipients receiving
TWIST.

For a boy receiving a kidney transplant at the age of 10.8
years (the mean age at transplant for the cohort), the expected
difference in height between a graft recipient treated with
TWIST and a graft recipient receiving a corticosteroid-based
immunosuppressive regimen would be approximately 8 cm
after 4.4 years (the mean length of follow-up for the cohort).
In graft recipients transplanted before the age of 12 years,
mean absolute height increased by 28.3% for boys and
21.4% for girls (Online Resource 7).

The mean height SDS was lower in study cohort graft re-
cipients who were ≤ 12 years old (−2.3) compared to those
who were > 12 years old (−1.5) at time of transplant (Online
Resource 8). However, younger graft recipients enjoyed en-
hanced catch up growth with height SDS changes at latest
follow-up (compared to baseline) of 1.1 in those ≤ 12 years
old compared to 0.3 in those > 12 years old (Online Resource
6). A significant negative correlation was observed between
the age at transplant and change in height SDS (compared to
baseline) at latest follow-up (r = −0.54, p < 0.0001) (Fig. 3a).
In graft recipients transplanted before attaining final adult
height (less than 14 years of age) [22], there was a significant
negative correlation between the age of transplant in graft
recipients and height SDS change between baseline and latest
follow-up (r = −0.43, p = 0.0011) (Fig. 3b).

There was no difference in the mean (SEM) SDS change
between boys and girls between baseline and latest follow-up
[0.83 (0.12) vs. 0.48 (0.18), p = 0.10]. A smaller change in
height SDS at latest follow-up (compared to baseline) was
found in deceased transplant recipients [mean 0.45 (SEM
0.130)] compared to living donor transplant recipients [0.88
(0.14)] (p = 0.037) (Fig. 3c).

BMI and weight

The proportion of graft recipients with a BMI within normal
limits was 61/90 (67.8%) in the study cohort compared to 75/
159 (47.2%) in control group 4 (Table 3). There were signif-
icantly more graft recipients categorised as obese in control
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group 4 (38/159, 23.9%) compared to the study cohort (11/90,
12.2%) (p = 0.031, Fisher’s exact test). SDS values and chang-
es in SDS values for weight and BMI are shown in Online
Resources 9–12.

Growth in graft recipients on TWIST regimen at latest
follow-up

The SDS changes at 1 year, 2 years, and latest follow-up for
height, weight, and BMI in graft recipients who remained on
the TWIST regimen at latest follow-up are shown in Online
Resources 13–15. There was no difference between the
change in SDS from baseline to latest follow-up in graft re-
cipients who received TWIST compared to those on an alter-
native regimen, for height [mean 0.72 (SEM, 0.12) vs. 0.71
(0.16), p = 0.91], weight [0.94 (0.19) vs. 0.77 (0.17), p =
0.53], or BMI [0.58 (0.18) vs. 0.35 (0.16), p = 0.20].

Antihypertensive treatment

At latest follow-up, a significantly lower proportion of graft
recipients required antihypertensive medication in the study
cohort (35/99, 35.4%) compared to control group 5 (229/336,
68.2%) (p < 0.0001) (Table 4).

A lower proportion of graft recipients treated with TWIST
required antihypertensive medications at 1-year (34.3% vs.
54.7%, p = 0.046), and 2-year follow-up (32.1% vs. 54.7%,
p = 0.012) compared to control group 3 (Online Resource 16).
Of the 35 graft recipients requiring antihypertensive medica-
tion at latest follow-up, 11/35 (31.4%) were hypertensive at
time of transplant.

Discussion

The key findings from this study investigating BPAR and
growth outcomes in paediatric kidney transplant recipients
treated with the TWIST immunosuppressive protocol are (i)
with a mean follow-up time of 4.4 years, 72.7% grafts
remained BPAR-free; (ii) 21.2% BPAR episodes occurred
later than 2 years post-transplant; (iii) there was no difference
in BPAR rates between graft recipients receiving TWIST and
those receiving a corticosteroid-based regimen; (iv) graft re-
cipients experiencing BPAR had worse kidney function at
latest follow-up compared to those without BPAR, but only
those with multiple BPAR episodes had an increased rate of
graft failure; (v) graft recipients treated with TWIST showed
reduced rates of obesity and hypertension, with greater height

Table 2 Proportion of graft
recipients with a height deficit at
latest follow-up

Control group 2 Study cohorta p value+

Normal height, proportion (%) 1924/3492 (55.1%) 64/90 (71.1%) 0.0025
Moderate/severe height deficit proportion (%) 1568/3492 (44.9%) 26/90 (28.9%)

aData not available for 3 graft recipients; + Fisher’s exact test

Fig. 3 Correlation between growth after transplant with age and allograft
donor source. SDS height change at latest follow-up compared to baseline
is plotted against age at transplant. aWhole cohort [Spearman’s nonpara-
metric correlation coefficient (r) is −0.59, p < 0.0001]. b Graft recipients

younger than 14 years at age of transplant (r = −0.43, p = 0.0011). c SDS
change at latest follow-up in living and deceased donor recipients. Mean
values are plotted with error bars representing SEM
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attainment; and (vi) younger children at transplant enjoyed
greater catch up linear growth than older children.

Approximately half of European paediatric kidney trans-
plant recipients have a height deficit and demonstrate only
limited catch up growth following transplant [10]. Data from
the North American Paediatric Renal Trials and Collaborative
Studies (NAPRTCS) showed that at time of transplant the
average graft recipient is shorter than the fourth percentile
compared to population controls (−1.73 SDS) and following
transplant, height SDS only increases 0.1 SD every 2 years
[23].

Our data indicates that although graft recipients are short at
time of transplant (mean −1.89 height SDS), the
corticosteroid-sparing TWIST regimen is associatedwith larg-
er changes in height SDS (0.72 overall), with enhanced catch
up growth seen in graft recipients ≤ 12 years old at time of
transplant (1.11 increase in height SDS). 71.1% of the study
cohort attained a height within the normal range at time of
latest follow-up compared to 55.1% in control group 2.
Supporting the observation of improved linear growth in graft
recipients treated with TWIST, a study involving a large co-
hort of paediatric transplant recipients identified an associa-
tion between corticosteroid-free immunosuppression and im-
proved post-transplant height SDS [10]. We also note that no
difference in height SDS change was identified in the study
cohort between graft recipients still receiving TWIST at latest
follow-up compared to those who had switched to an alterna-
tive regimen. This suggests that the lack of significant corti-
costeroid exposure early in the post-transplant period may be
particularly beneficial to improving linear growth.

Approximately one-third of paediatric transplant recipients
in the UK are overweight or obese at the time of transplant,
and this rises to over half by 4 years post-transplant [11]. In

contrast, we found that only 27% of our cohort were
overweight/obese at the end of the study period, with 68%
of graft recipients recording a BMI within the normal range.

We report that 35.4% of our cohort required antihyperten-
sive medication at latest follow-up. This figure is significantly
lower than found in a study analysing data from the
CERTAIN registry [19], and also lower than reported by
NAPRTCS, who found 71% of deceased donor recipients
and 58% of live donor recipients required antihypertensive
medication at 5 years post-transplant [23].

Our overall rate of allograft survival (92.9%) is similar to
data from the UK transplant registry involving 3236 paediatric
transplants (performed between 1992 and 2016), which re-
ported allograft survival rates of 89% at 1 year and 79% at 5
years [24].

European data involving 298 allografts in paediatric recip-
ients receiving a corticosteroid-based immunosuppressive
regimen demonstrated that first occurrence of BPAR > 6
months post-transplant and multiple BPAR episodes were risk
factors for graft failure [21]. In this study, we also identified
graft recipients experiencing multiple BPAR episodes as a
group at high risk of graft failure. We did not identify late first
BPAR occurrence as a risk factor for graft failure.

Our rates of BPAR are comparable to data from the
corticosteroid-based regimen arm of a randomised multicentre
trial investigating a corticosteroid-avoidance regimen at 1 year
and 3 years post-transplant [5]. However, the corticosteroid
withdrawal group in the TWIST study reported 10.2% grafts
suffered BPAR at 6 months follow-up, and approximately
82% of grafts were free from BPAR at 2 years [3, 8]. Both
our 6-month (15.2%) and 1-year (18.2%) BPAR rates are
higher than reported in TWIST. The reasons for these differ-
ences are not entirely clear. Our cohort has similar age at

Table 3 Proportion of graft
recipients who are overweight or
obese at final follow-up

Control group 4b Study cohortc p value#

Normal/underweight, proportion (%)a 75/159 (47.2%) 66/90 (73.3%) 0.0003
Overweight, proportion (%) 46/159 (28.9%) 13/90 (14.4%)

Obese, proportion (%) 38/159 (23.9%) 11/90 (12.2%)

a In control group 1, 0/159 children were underweight. In the study cohort, 5/90 children were underweight; b 4
years follow-up; c data not available for 3 graft recipients; # chi-square test

Table 4 Use of antihypertensive medications

Control group 5 proportion (%) Study cohort
proportion (%)

p value+

% of cohort requiring ≥1
antihypertensive medication

At time of transplant 31/99 (31.3%)

1 year post-transplant 231/336 (68.8%) 34/99 (34.3%) < 0.0001

2 years post-transplant 223/336 (66.4%) 25/99 (25.3%) < 0.0001

3 years post-transplant 229/336 (68.2%)

Latest follow-up 35/99 (35.4%) < 0.0001#

+ Fisher’s exact test; # reference group is cohort 5 at 3 years follow-up
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transplantation, sex distribution, and mean total HLA mis-
matches as participants in the TWIST study [8]. However,
the proportion of deceased donor recipients was much higher
in the TWIST study compared to the current investigation
(68.4% vs. 39.4%), and the current study recorded higher
levels of deviation from TWIST protocol at 6 months
(18.2% vs. 12.2%). Our observed adjusted change in height
at latest follow is similar to that seen in TWIST, and we also
recorded greater height attainment in younger children at time
of transplant. We cannot exclude the possibility of a slightly
increased risk of early BPAR, but these data suggest that use
of the TWIST regimen does not impart an increased risk of
BPAR in the long term.

Limitations of the current study include the retrospective ap-
proach, use of historical control groups, and relatively small
number of subjects in comparison to multi-centre investigations.
Themean number ofHLAmatches between allograft donors and
recipients, and the proportion of living allograft donors, was
higher in the study cohort compared to control group 1. Poorer
HLA matching may have partly contributed to the increased
BPAR rates observed in control group 1. Additionally, we re-
ported the proportion of graft recipients receiving antihyperten-
sive medication (as per the original TWIST studies) rather than
blood pressure measurements [3, 8]. The threshold for prescrib-
ing antihypertensive medication may differ between centres,
which may have biased the results.

In summary, this study demonstrates that corticosteroid
minimisation immunosuppression protocols are not associated
with an increased risk of BPAR or graft failure in the long
term. Children who were initiated on this corticosteroid
minimisation protocol demonstrate greater linear growth, re-
duced rates of obesity, and less requirement for antihyperten-
sive medication.
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