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Abstract

Rationale and Objectives—The longitudinal relationship between regional air trapping and
emphysema remains unexplored. We have sought to demonstrate the utility of parametric response
mapping (PRM), a computed tomography (CT) based biomarker, for monitoring regional disease
progression in COPD patients, linking expiratory and inspiratory-based CT metrics over time.
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Materials and Methods—Inspiratory and expiratory lung CT scans were acquired from 89
COPD subjects with varying GOLD status at 30 day (n=13) or one year (n=76) from baseline as
part of the SPIROMICS clinical trial. PRMs of CT data were used to quantify the relative volumes
of normal parenchyma (PRMN°™Mal) ‘emphysema (PRMEMPN) and functional small airways
disease (PRMSAD), PRM measurement variability was assessed using the 30-day interval data.
Changes in PRM metrics over a one-year period were correlated to pulmonary function (FEV1). A
theoretical model that simulates PRM changes from COPD was compared to experimental
findings.

Results—PRM metrics varied by ~6.5% of total lung volume for PRMNormal gnd PRMTSAD and
1% for PRMEMPh when testing 30-day repeatability. Over a one-year interval, only PRMEMPN jn
severe COPD subjects produced significant change (19% to 21%). However, 11 of 76 subjects
showed changes in PRMSAD greater than variations observed from analysis of 30 day data.
Mathematical model simulations agreed with experimental PRM results, suggesting fSAD is a
transitional phase from normal parenchyma to emphysema.

Conclusions—PRM of lung CT scans in COPD patients provides an opportunity to more
precisely characterize underlying disease phenotypes, with the potential to monitor disease status
and therapy response.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a complex syndrome with multiple
underlying phenotypes. As the third leading cause of mortality in the United States, research
in COPD has intensified with the focus towards accurately phenotyping this complex
disease (1, 2). Physiologic assessment and patient-reported parameters such as dyspnea and
health status continue to be the standard of care for diagnosis, but have limited prognostic
value as only global assessment of COPD is obtained (3). Although there have been
considerable strides in understanding the underlying biology, limited progress has been
made in improving our ability to routinely define and longitudinally monitor the varying
components of COPD. As such, there is a need to develop and evaluate patient-specific
biomarker surrogates of clinical status and outcome in COPD patients.

A biomarker must be technically measureable, unattainable by other methods, and useful for
the effective management of patients (4, 5). For COPD patients, the most widely used
measure that fits this definition continues to be forced expiratory volume in one second
(FEV1). Improvements have been made through the inclusion of FEV in multidimensional
assessments (e.g. BODE: Body-Mass Index, Obstruction, Dyspnea, Exercise) (6, 7), which
have improved prognostication over FEV4 alone. Nevertheless, these measures have limited
capability in identifying the underlying biological components that make up the varying
COPD phenotypes. Although biological components of COPD are subject to molecular and
genetic heterogeneity (8) they do provide unique imageable characteristics including
regional distribution of emphysema (9-12), air trapping (13-15), airway remodeling (16,
17), regional alterations in texture (18-20), lung mechanics (21, 22), and more recently
measures of perfusion heterogeneity and altered pulmonary vascular dimensions (23-26).
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Computed tomography (CT) with high spatial resolution and superb air-soft tissue contrast
continues to be used for the clinical management of COPD patients, primarily for qualitative
examination. Nevertheless, extensive research has been devoted to evaluating quantitative
CT to define structural abnormalities and disease severity (27). Although these approaches
provide additional insights into the COPD phenotypes, differentiation of parenchymal tissue
into emphysematous (i.e. tissue destruction) and non-emphysematous (i.e. inflammatory)
airflow obstruction remained elusive because both metrics rely on a density threshold, and
on expiratory scans emphysema-like lung and air trapping signals can overlap. With the
introduction of a post-processing technique called parametric response mapping (PRM) (28),
we have demonstrated a methodology allowing for the linkage of inspiratory and expiratory
CT lung scans to provide a classification of individual voxels of lung parenchyma as normal,
non-emphysematous airflow obstruction that we refer to as functional small airways disease
(fSAD), and emphysema.

In this study we now seek to use the PRM methodology to explore the temporal
relationships between these three parenchymal categories over short time periods of either
30 days or one year with the expectation regional changes over 30 days provides a measure
of noise in the measurement (including biological fluctuations between normal and inflamed
parenchyma). For these purposes, we have employed CT data from a well-defined cohort of
COPD subjects accrued as part of a clinical trial (i.e. SPIROMICS) to demonstrate PRM for
detecting longitudinal progression in COPD patients. In addition, recent evidence has
identified inflammatory small airways disease as an intermediary of normal parenchyma to
emphysema (29). As such, we investigated the role of fSAD as an intermediate step in
COPD progression through “voxel-based tracking” and a mathematical model that simulates
PRM trends observed in our empirical data.

METHODS

Study Population

Eighty-nine subjects, with CT and clinical examinations performed at two time points, were
accrued at our institution as part of the SPIROMICS study (30). Only those subjects between
40 and 80 years old at baseline with a smoking history of >20 pack-years (strata 2, 3 and 4
corresponding to GOLD 0, 1/2 and 3/4, respectively) (Global Initiative for Chronic
Obstructive Lung Disease (GOLD)) (31) were included in this study. Exclusion criteria were
intolerance of bronchodilators used in study assessments, body mass index>40 kg/m? at
baseline, presence of non-COPD obstructive lung disease, diagnosis of unstable
cardiovascular disease, lung surgery or metal in the chest that might affect the chest CT
interpretation. Seventy-six of these subjects were examined at a one year interval and
stratified based on baseline COPD severity as defined by GOLD guidelines (Table 1) (31).
The remaining 13 subjects, with variable lung obstruction, were part of the Repeatability and
Replicate Sub-study of SPIROMICS and had serial CT examinations acquired with an
interval of 30 days. Post-bronchodilator forced expiratory volume at 1-second (FEV1) was
determined from spirometry at each time point. These clinical studies were conducted under
an Institutional Review Board approved protocol and all subjects involved provided written
informed consent.
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Computed Tomography Acquisition and Analysis

Whole-lung volumetric multidetector CT was acquired for all 89 subjects on a GE
Discovery CT750 scanner at inspiration (i.e. total lung capacity (TLC)) and full expiration
(i.e. residual volume (RV)) using the SPIROMICS imaging protocol of 120 kVVP with the
current adjusted to meet CT dose index volume targets for expiration and inspiration using
three settings, large (BMI1>30), medium (BMI 20-30), and small (BMI<20) with vendor-
specific reconstruction kernels (Standard, B, B35, FC03) (30). CT data reconstructed using
the “standard” kernel was analyzed in this study. Quantitative CT data were presented in
Hounsfield units (HU), where stability of CT measurement for each scanner was monitored
monthly by use of the COPDGene phantom (32). For reference, ideal air and water
attenuation values should be —1000 and 0 HU, respectively.

Parametric Response Map (PRM)

PRM was performed automatically using Imbio’s Lung Density Analysis (LDA™) software
application (Imbio, LLC, Minneapolis, MN) for all CT data. Of the 89 subjects, CT data
from 8 subjects (1 stratum 2; 3 stratum 3; 4 stratum 4) were unable to be analyzed using
LDA due to segmentation errors. In accordance with LDA, PRM was performed on this data
using Apollo (VIDA Diagnostics, Inc., Coralville, 1A) for lung segmentation and in-house
algorithms for registration and voxel classification. Details on the PRM analysis have been
previously reported (28). Relative lung volumes of normal parenchyma (PRMNormal green
voxels), fSAD (PRMfSAD yellow voxels) and emphysema (PRMETP, red voxels) were
calculated by normalizing the sum of all like-classed voxels by the total lung volume.

Computational Model

We derived a linear 3-compartment model that simulates PRM changes resulting from
COPD progression. Assuming conservation of volume, absence of short-term exacerbations
and/or treatments and fSAD as an intermediate step from normal to emphysematous
parenchyma, our model can be represented by the following linear process:

k k
Normal —=fSAD fSAD—Emph
PR) INormal oS PR IfSAD s PRMEmph (Eqn. 1)
kaADHNormal kExnphﬂfSAD

We further assumed that emphysema is a permanent disease state (Kemph—:fsap = 0). The
full model derivation and final solution is presented in the supplement.

Data and Statistical Analysis

All statistical computations were performed with a statistical software package (IBM SPSS
Statistics, v. 21). Results were considered statistically significant at the two-sided 5%
comparison-wise significance level (P>0.05). Unless stated otherwise, all data was presented
as mean and SEM.

One-Year Interval Data—Differences in baseline subject characteristics (age, height,
weight, body mass index (BMI) and smoking pack-years) between strata were determined
using an ANOVA controlled for multiple comparisons (Bonferroni posthoc test). Kruskal-
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Wallis test and Wilcoxon Signed Rank test were used to assess differences in PRM values
between stratum at each time point, and time points for each stratum, respectively. The same
analysis was performed for FEV1. Correlations in PRM and FEV1, for each stratum and
pooled, were determined using a Spearman’s rho Test. Next, we stratified the subject
population based on changes in FEV1 (AFEV1) and evaluated their PRM differences using a
Mann-Whitney U test for each stratum. Finally, we tested the effectiveness of PRM metrics
as a predictor of changes in FEV1. This analysis was only performed on those PRM metrics
found to generate significant differences between AFEV1 groups within strata. Using a
discriminant analysis with cross-validation, a statistical model of PRM was generated that
classified a strata population into 2 predicted groups of AFEV1. An optimal cutoff for PRM
was determined using a Receiver Operator Characteristic (ROC) analysis where the PRM
metric served as an independent variable and the new predicted dichotomized variable
AFEV1 as the outcome.

30-Day Interval Data—Repeatability analysis of our PRM metrics was performed using
the 30-day interval data. Here we assumed negligible changes in lung parenchyma due to
emphysematous processes in COPD. Absolute thresholds indicating likely change in the
individual PRM metrics were determined by calculating 95% confidence intervals on the
repeated measures. Serial differences in inspiration and expiration CT volumes were
evaluated using a paired Student’s t-test.

RESULTS

Baseline characteristics from the one-year interval subjects are provided in Table 1. No
significant differences in characteristics were observed between strata. PRM values were
found to be significantly correlated to FEV1 at both interval time points (data not shown),
consistent with previous results obtained from the COPDGene cohort (28). For each strata,
only PRM values from stratum 3 had significant correlations with FEV1 at both time points
(p<0.01). When evaluating PRM differences between time points in each strata, only
PRMEMPN from stratum 4 was found to vary significantly (19+£3% to 21+3% (p=0.01)).

Next, we evaluated PRM in our population separated based on increasing or decreasing
FEV1 (AFEV1) over a one-year period in each strata (Table 2). Two cases, both stratum 3,
are presented in Figure 1. The first case illustrates rapid progression of fSAD over the one-
year period (28% to 42%, yellow voxels; Figure 1A) with a near equal drop in PRMNormal
(67% to 52%, green voxels) and FEV1 drop from 2.31L to 1.73L. In the second case (Figure
1B) the converse has occurred with PRMPSAD decreasing from 36% to 22% and an increase
in PRMNormal from 60% to 76% (FEV1 change from 1.36L to 1.94L). Subject
characteristics and most baseline PRM measures were not found to be significantly different
between AFEV1 groups per strata (Figure 2A—C). Only baseline values of PRMSAD jn
stratum 2 were found to be significantly different (p=0.05; Figure 2). PRMSAD was three
times higher in subjects with improved lung function (group AFEV1=0,
AFEV1=0.10£0.01L, n=6) than subjects with declined lung function (group AFEV1<0,
AFEV1=-0.15+0.02L, n=9). Follow-up PRMSAD petween groups (12.3+2.2% for
AFEV1=0 and 4.1£1.0% for AFEV1<0, p=0.003) were similar to those observed for baseline
values. Nevertheless PRMSAD may serve as a baseline predictor of more severe pulmonary
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complications for stratum 2 subjects. Our discriminant model correctly classified 73.3% of
cross-validated grouped cases in stratum 2. Model sensitivity and specificity was 0.727 and
0.750, respectively, with an optimal cutoff for baseline PRMSAP of 9% total lung volume.

Using the 30-day interval CT data for test-retest analysis, we determined thresholds that
indicate disease-provoked changes in PRM metrics. No significant variation in inspiration
and expiratory CT lung volumes were observed over this interval (data not shown). The 95%
confidence intervals for changes in PRMNomal pRMTSAD ' and PRMEMPN were found to be
6%, 7% and 1%, respectively. From the one-year interval cohort, we determined the
prevalence of subjects who generated values of |JAPRM|>threshold per stratum (Table 3). In
stratum 2, one subject was found to have a significant change in PRM values. The
prevalence for change increased substantially for stratum 3 subjects (41%) with PRMfSAD
and PRMNormal producing equal contributions of subjects with significant increasing and
decreasing values, respectively. In contrast, stratum 4 subjects had a large predominance of
increasing PRMEMPN with 83% of all APRME™MPh associated with progressive emphysema
over the one-year period.

We have previously reported a strong non-linear relationship between PRMSAP and
PRMEMPN that suggests fSAD as a transitional phase from normal parenchyma to
emphysema (23). Many subjects with significant changes in PRMSAD (yellow arrows in
Figure 3; * and 1 indicate cases from Figure 1A and 1B, respectively) had PRMEMPh<10%.
Those with PRMEMPN>3004 were either found to have progressive emphysema with
declining PRMfSAD (red arrows in Figure 3; T indicates the case in Figure 4) or stable (i.e.
unchanged). Subjects with PRMEMP values between 10 and 30% had highly variable
combinations of PRMfSAD and PRMEMPh sometimes resulting in significant changes in
both measures (orange arrows in Figure 3). Subjects with non-significant APRM are
represented by dots positioned at the mean baseline and follow-up PRM values. The gray
region in Figure 3 denotes arbitrary bounds generated from our model simulations. The
lower bound of the gray region was generated from equal rate constants (i.e. Knormal —fSAD

= KfsAD—sNormal = KfsaD—Emph =1). Reducing Kesap— emph and Kesap— Emph By 1/3
simulated the upper bound observed in the experimental data.

Finally, we performed “voxel-based tracking” that enabled PRM to spatially identify the
origin of emphysematous tissue for a single case. The one-year interval PRM data presented
in Figure 4 (% in Figure 3) is from a GOLD 2 subject where FEV1 dropped from 2.34 L to
2.12 L. The CT examinations were spatially aligned to a single geometric space, such that
each voxel consisted of two PRM images (Figure 4A-B). By mapping the voxels classified
as PRMEMPN at follow-up (Figure 4D) to the baseline PRM, we were able to determine the
voxels’ original classification one year earlier (Figure 4C). We found that although 36% of
all follow-up emphysema voxels were emphysema in origin, 48% of these voxels were
PRMTSAD and 12% were normal parenchyma 1 year earlier (Figure 4C).

DISCUSSION

With the recognition that treatment of COPD must seek early intervention to minimize
development of emphysema, there is growing interest in the early detection and accurate
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monitoring of the reversible inflammatory component of COPD, i.e. small airways disease
(SAD). Here we demonstrated how PRM, an original voxel-based imaging technique
applied to paired inspiratory and expiratory CT lung scans, can temporally quantify and
spatially display COPD phenotypes. Data provided from the SPIROMICS clinical trial
provided us with the ability to evaluate the capability of PRM for following temporal
disease-specific changes in the lungs of COPD subjects. Observations include the
reversibility of fSAD in subjects with minimal emphysema, the transition of normal
parenchyma to emphysema via fSAD (28, 29), the excellent sensitivity of PRM for
monitoring COPD progression which might not be detectable by pulmonary function tests,
and confirmation of an early increase in PRMSAD followed by a loss in PRMTSAD a5
PRMEMPN increases suggesting that early detection and intervention may be important for
the prevention of disease progression.

This study suggests that PRM has the potential for providing unique insight into the
temporal evolution of COPD phenotypes. Negligible emphysema, primarily in stratum 3
subjects, was associated with a wide distribution of PRMSAP values (10 to 50% of lung
volume). We identified 8 of 41 stratum 3 subjects with significant changes in PRMSAD at
equal occurrences of increasing and decreasing values (Figure 3 yellow/orange arrows and
Table 3). As emphysema increased mean PRMSAD values dropped towards an asymptotic
value of ~20% with individual PRMSAD values deviating less over the one-year period.
This trend was captured in our model simulations, which illustrated COPD progression
through fSAD-dominant to emphysema-dominant disease states. It is important to note that
the mathematical model provides an average trajectory a COPD patient might follow. Our
simulation suggests that transition from normal parenchyma to fSAD is a rapid process with
fSAD to emphysema a much slower process, both evidenced in the SPIROMICS data.
Although the putative inflammatory process (i.e. fSAD) was highly volatile as shown by
large changes in PRMfSAD, the drop in PRMSAD wiith elevated levels of PRME™PN suggests
a transition to a more chronic disease state. In fact, stratum 4 subjects with severe
emphysema still showed dynamic changes in PRMSAD and PRME™Ph (Figure 3) while
relative volumes of normal parenchyma (PRMNo™al) remained around 17% (~83% of total
lung volume is diseased as determined by PRM). These PRM values were consistent with
McDonough’s findings showing a reduction of 72 to 89% in the number of terminal
bronchioles in GOLD 4 subjects (29). Although PRM provides an indirect measure of small
airways disease, our findings support the current literature that SAD is not just a COPD
phenotype but, if left unchecked, may lead to a more chronic inflammatory disease resulting
in tissue destruction (i.e. emphysema) (29).

Although we have identified thresholds that can be used to indicate disease-related changes
in the PRM measures, other non COPD-related factors may result in significant PRM
variations. One of the most well documented alterations in pulmonary function is a
consequence of the normal aging process (33, 34). Nevertheless, it is reasonable to assume
that only subtle age-related changes in HU values would occur over a one-year period (35).
The factor contributing most to PRM variation is experimental noise. Additional 30-day
interval data would be required to fully ascertain the impact of scanner types and the
subsequent variability in HU values (i.e. instrument noise) on PRM thresholds. In general,
the best clinical practice for the use of CT in diagnosing COPD is to use a well-calibrated,
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high-resolution CT and to apply consistent acquisition and reconstruction parameters (32),
accomplished in this instance by using a single institutional cohort of the SPIROMICS data.
PRM may provide erroneous results from multiple-time-point paired CT examinations that
do not take precautionary measures to avoid acquisition or reconstruction inconsistencies.
Although the limitations and validation of the PRM technique will require more study using
a larger cohort and additional time points, fSAD and emphysema have been shown here to
have distinct trends with an innate relationship that can be monitored longitudinally.

New biomarkers are essential for early diagnosis, patient-tailored therapy and ultimately
improved patient outcomes in COPD (3, 36). As an emerging CT biomarker of COPD
subtype, PRM is poised to improve individualized patient care through disease subtyping
and treatment monitoring as well as providing for improved screening and serving as an
outcome measure for clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX

Computational Model

We previously observed a PRM trend of increasing PRMTSAD at early GOLD status,
variable mixes of PRMSAD and PRMEMPN at GOLD 2 & 3, and PRME™PN predominance
with a consistent contribution of PRMSAD at GOLD 4 (supplemental Figure 3 in (28)). To
further explicate these PRM trends over time we derived a linear 3-compartment system
with conservation of volume to simulate the trends observed. COPD is hypothesized to
progress from normal lung through fSAD to emphysema by the following linear process:

N 1 ko_y SAD ky_r Epmh.
PR Norma = pRMf =2 PRMHpmde (Eqn. 1)
ky o kp_y

From this model, disease progression was simulated from the proposed system of linear
ordinary differential equations:

U
Q
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Q
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Q
—~~
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~—

d;
dy' () =k, * G(t)—(kyotky ) * Y (t)+k,, * R(t) (Eqn.2)

with initial conditions,

G(t)=1,Y (t)=0, R(t)=0Qt=0
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where G, Y and R represent PRMNormal pRVSAD  and PRMEMP respectively.

The analytical solution for this system of differential equations and initial conditions are:

G(t)z kygkpy _kayrslky ptkpy +22) e)\zt+ kgy da(ky ptkpy +23) est
k ’Yk kA ’(Ylg)\z_A)%)) kAo (k ’Y)(\A;z—)\:s)
—Fay"Rpy cy A3(kpy +A2 er2t__Fay 2 Ry T23) Ast
Y(t)= v + Y(A2—A3) T0e—As) ¢ (Ean. 3)

R(t)_kGYkYR +kGYkYR)‘3 >\2t_|_ kay kypA2 st

v ¥(A2—X3) 7(A2—A3)

where

A1=0

2
A :_Z_ 2 where: 2=kay Thyotky ptkay
2 2 ’ ' ky ptkoy gy +ky ok

7= kGY YR GY 'RY YG 'RY
Y
A=Y=

Assuming that emphysema is a permanent disease state (kg_,y= 0) further simplifies the
solution to:

Aa(ky p+A2) Aot Aa(ky p+As) st

__Faoy YR ot | kay YR 3

G(t)=- /\’Y}(\)\z A3) N ;\'— Y(A2—A3)
__Fay 342 Aot GY 2473 )\ t

Y(t)ig()qkf/\g) € /j k’y()\i /\3) ? \ (Eqn 4)
_Fayfypr GY "y R3 Aot kaykypA2 Azt

R(t)= ¥ + v(A2—A3) + F(A2-As) €

These equations model the global physical process of COPD progression in the absence of
short-term exacerbations and/or treatments.
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Figure 1.
Temporal changes in fSAD as determined by PRM. Representative coronal PRM slice (top)

with corresponding Cartesian plot of voxels with paired HU values (bottom) at baseline and
1-year follow-up from cases with (A) increasing and (B) decreasing PRMSAD_ These cases
are indicated by (A) * and (B) 1 in Figure 2. PRMSAD values are provided in yellow text
top-left of PRM image.
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B AFEV1>0
B8 AFEV1<0

Stratum 2 Stratum 3 Stratum 4

PRM as a predictive measure of advancing airflow obstruction. Bar plots of (A) PRMNormal
(B) PRMfSAD and (C) PRMEMP are presented for the one-year interval subject population
stratified by increasing (AFEV1=0) and decreasing (AFEV1<0) FEV1 and GOLD status.

Data is presented as mean £ SEM.
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Figure 3.
Capture of COPD progression by PRM. Scatter plot of subject PRMSAP and PRMEMPh

values over a one-year interval. Arrows indicate subjects with significant changes in
PRMSAD (yellow), PRME™PN (red) or both (orange). Black dots are the mean baseline and
follow-up PRM values for subjects with changes in PRM smaller than predetermined
thresholds from 30-day interval CT data. Cases with decreasing emphysema are represented
as dots (N=5; Table 2). The gray region indicates simulation bounds generated from the
compartment model with rate constants [Knormal—fsap, Kfsap—Normal: Kfsap—emph] equal
to[1, 1, 1] and [1, 0.33, 0.33] for the lower and upper bound, respectively. Emphysema was
assumed irreversible for all simulations (i.e. kemph—fsap=0) and all rate constants were
normalized to Knormal—fsap- =, T and 1 indicate the three cases represented in Figures 1A,
1B and 4, respectively.
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Baseline Follow-Up

Figure 4.
PRM illustration of small airway disease as a precursor of emphysema. Presented are

representative PRM slices at baseline (A: PRMNormal=54 pRMfSAD=33 and PRMEMP=10)
and follow-up (B: PRMNomal=53 pRMTSAD=29 and PRMEMPN=14). The source of
emphysema at follow-up is shown in (C) where follow-up PRME™Ph yoxels indicated in (D)
are colored by their baseline PRM classification. This case is indicated by $ in Figure 2.
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Table 1

Subject Characteristics

Parameter Stratum 2  Stratum3  Stratum 4
Number 15 41 20
Gender (M/F)  9/6 19/22 9/11

Age (years) 62(10) 65(8) 64(7)
Height (cm) 174(10) 168(10) 166(11)
Weight (kg)  86(20) 83(17) 74(15)
BMI (kg/cm2)  28(5) 29(5) 27(3)
Pack-years 42(18) 51(18) 52(16)

Values are mean(std).
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FEV1 at baseline and one year follow-up by group

Strata AFEV1(n) FEVE
FU A

4 (5) 2.75(1.07) 2.87(1.03) .08(.08)
2 ¥(9) 3.23(.86)  3.02(.82)  -.33(.62)

+(18) 1.93(.70)  2.03(.69)  .13(.15)
3 ¥(23) 2.06(54) 1.75(.74)  -.21(.12)

1(9) 0.85(.25)  0.94(.26)  .09(.05)
N ¥(12) 0.93(.28)  0.84(.30)  —.09(.05)

Table 2

Page 17

Values in mean(std) liters. #FEV1 increase and ¥ FEV decrease at one year. BL baseline FU follow-up A change from baseline to follow-up.
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